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Abstract 
 
Advanced diagnostic systems that are capable of the early detection and the narrow 
therapeutic targeting of diseases represent the future for modern medicine.  The development 
of highly sensitive, single molecule detection technologies with high throughput capabilities 
is a prerequisite to the large scale deployment of these modern diagnostic systems.  Affinity 
based optical labels used to tag the biomarker of interest are the state-of-the art in biological 
detection technologies.  However, the attachment of a large label molecule modifies the in-
vivo physiological activity of the molecular marker.  Besides, label based detection platforms 
tend to be low throughput and rather expensive.  The overall goal of this dissertation is, 
therefore, to propose an alternative label-free spectroscopic platform that utilizes low-energy 
electrons as interrogating particles or waves to probe the non-equilibrium physical and 
chemical properties at a biased monolayer modified solid-liquid interface.  The variation in 
the electronic flux due to the different physical and chemical interactions occurring at the 
monolayer modified solid-liquid interface is measured by the change in impedance of the 
electrochemical system as a function of applied potential and frequency. 
The characterization of the flux of electrons (“leakage” currents) crossing the electrified 
monolayer modified solid-liquid interface in the absence of redox active moieties in the 
electrolyte is the first step in the development of such a label free methodology.  An 
analytical method is presented in this dissertation that enables the quantitative analysis of the 
leakage current in the absence of specific information about the species in the electrolyte that 
couples weakly and non-adiabatically to the electronic orbitals of the metallic electrode.  
Application of the analytical method enables the identification of the different mechanisms 
by which leakage current flows through the insulating monolayer film.  The current density is 
limited by Ohmic transport and by space charge at low and intermediate anodic potentials 
respectively.  At higher anodic potentials, quantum mechanical tunneling of the electron from 
the ground-state energy level of the electrolytic ionic species to the electrode Fermi level 
becomes rate-limiting.  On the other hand, for cathodic potentials, the charge flux is limited 
by the thermal activation of either the transferring electron or the dielectric molecules over a 
free energy barrier.  The terms anodic and cathodic are defined with respect to a 
characteristic potential where the electric field in the monolayer becomes zero.  The 
 ii
electrolytic species that participates in the charge transfer process is also identified.  
Properties of the monolayer-electrolyte interface that describe physical and chemical 
interactions between the electrolyte species and the monolayer modified surface are obtained 
from the analysis, demonstrating the applicability of the electrode-monolayer-electrolyte 
system as a sensing platform.  An extension of the analysis methodology yields a quantitative 
estimate of the surface charge density at the monolayer-electrolyte interface.  A theoretical 
description of the evolution of surface charge density in the presence of leakage currents is 
also proposed here. 
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Chapter 1: Introduction 
1.1 Background 
Solid-liquid interfaces are ubiquitous in everyday life and several important phenomena 
occur at the boundary between the solid and the liquid phase.  The focus, in this work, is 
specifically on the electrode-electrolyte interface, where the solid-phase (the electrode) is 
subject to an applied potential bias with respect to the liquid.  The charging/discharging of 
batteries1 and fuel cells,2 corrosion of metals,3 semiconductor etching4, 5 and copper 
electroplating6 are all well-known, commercially important processes that are known to occur 
at this interface.  Since these are complex, heterogeneous systems, they are experimentally 
difficult to investigate.  Studies of the electrode-electrolyte interface typically involve 
complicated references to condensed matter physics (for electron transfer processes),7 and to 
the poorly understood dynamics of the liquid phase as well as to the statistical mechanics of 
adsorption/desorption processes.  However, the last three decades have seen a rapid 
expansion of research into electrified solid-liquid interfaces due to the evolution of a suite of 
research tools that enable the precise and quantitative analysis of the physicochemical 
properties in the immediate neighborhood of the phase boundary.  Progress has been reported 
on the preparation of electrode surfaces with highly reproducible electronic properties,8 and 
on the development of new theories and improved computational procedures9 to predict 
behavior at biased electrode-electrolyte interfaces.  Concurrently, the development of 
improved electrochemical instrumentation coupled with new experimental techniques10-12 has 
also enabled the monitoring of the dynamics at the interface at unprecedented levels of 
sensitivity and resolution. 
However, despite impressive progress in this field, some fundamental questions remain 
unanswered.  Experimental systems for the investigation of electron transfer across the 
electrified solid-liquid boundary utilize specific organic/dye molecules that couple with the 
electronic energy levels of the electrode and act as electron acceptors and donors for the 
charge transfer process.9  These organic molecules are either added as additives to the 
electrolyte solution13-15 or tethered to the electrode surface by molecular spacers.16-22  The 
primary component of the electronic current is observed to flow between the donor/acceptor 
molecules/ligands and the electronic energy levels in the bulk metal phase.  A small 
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component of the current, however, is not coupled to the vibrational levels of the 
donor/acceptor species and this component has been characterized as “leakage current” in 
literature.23-25  In the absence of the externally added organic molecules that act as electron 
donors/acceptors, the leakage current is a manifestation of the primary mechanism by which 
the charge carrier crosses the solid-liquid interface.  Since experimental electrochemical 
systems are prepared with the objective of reducing the leakage component of the observed 
current density, the characterization of leakage current has traditionally been neglected as an 
area of study.  The inability to formulate a reasonable kinetic description of the charge 
transfer at the solid-liquid interface presents a formidable obstacle to understanding the 
charge transfer in the absence of electroactive species.  The work in this dissertation 
demonstrates the different mechanisms responsible for leakage current flow across the solid-
liquid interface, and via this mechanistic description of the leakage charge flux, the principle 
behind using a biased electrode-electrolyte interface as a spectroscopic platform for the 
characterization of the interfacial properties is also illustrated. 
 
1.2 Charge Transfer at Solid-Liquid Interfaces 
A reaction ubiquitous in chemistry and biology is the process of charge transfer between 
two particles.  A specific case of the charge transfer process involves the exchange of charge 
between a solid-phase electrode and an electrolyte solution.  The idea of elementary 
processes is central to the basic framework of rate kinetics for describing chemical reactions, 
as elucidated first by Arrhenius.  In this context, electron transfer is considered as one of the 
elementary processes primarily because in its simplest embodiment, electron transfer is 
accompanied only by molecular bond length and bond angle adjustments in the two 
interacting species exchanging charge and the intervening reaction medium.  Thus, the 
apparent elementary nature of the process coupled with its unique role in chemistry and 
biology makes the study of charge transfer important to experimental and theoretical 
researchers alike. 
Chemical reaction rates are limited by the probability for forming an “activated” state by 
the reactant and product molecules.  The probability of forming the activated state is 
traditionally calculated from statistical mechanics, where the forces due to the dynamic 
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distribution of electrons are assumed to be quantum mechanical in nature whereas the forces 
acting on the corresponding reacting nuclei are assumed to be purely classical.26  The origin 
of these assumptions lay in the Born-Oppenheimer approximation27 (also referred to as the 
Franck-Condon principle28) that exploits the large differences between the electronic and 
nuclear velocities.  The slower nuclei are exposed to average mean-field potentials due to the 
rapidly varying electron densities, which allows for the use of classical expressions when 
estimating the force acting on the nuclei.  The energy of the participating system of nuclei is 
estimated for the lowest quantum energy state of the electrons, as a function of distance 
between the nuclei, thereby yielding the potential energy surface for the system.  A reaction 
occurs when a system moving on the potential energy surface passes from one local 
minimum to another, through a barrier region or a local maximum (assuming the barrier is 
greater than kT, T being room temperature).  The low lying minima correspond to the 
reactant and product state, and the highest point on the barrier region is, by definition, the 
activated or transition state.  A configuration of atoms corresponding to the transition state is 
assumed to be identical to a corresponding stable configuration of these atoms in all degrees 
of freedom, except one.  This unique mode is said to correspond to “decomposition” where a 
vibrational or rotational degree of freedom for the chemical bond is replaced by a translation.  
Therefore, the probability of finding a system in an activated state relative to a stable reactant 
configuration is given by the Boltzmann factor29 ~  where E is the difference in energy 
between the reactant and activated state due to the decomposition mode. 
kTEe /−
Transition-state theory dominated viewpoints on chemical rate formulations for most of 
1930s and 1940s.  However, experiments on charge transfer in the liquid phase30, 31 soon 
highlighted the need to address and incorporate the effects of environmental dynamics into a 
reaction description.  Marcus proposed a quantitative theory for electron transfer reactions in 
the presence of dielectric reaction media that was based on the assumption of weak electron 
orbital overlap between the reacting particles in the activated complex.32  A key point in the 
Marcus theory is that the electronic energy levels in the molecular donor and acceptor species 
are extensively coupled to the environment, the environment being the nuclear motion in the 
participating molecules themselves and the motion of the dielectric medium.  The formation 
of the electronic configuration of the products (acceptor) from that of the reactants (donor) 
was, thus, hypothesized to be a three step process (Figure 1.1). 
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 Figure 1.1.  Electronic configuration fluctuation modeled as a three-step reaction process: (a) 
configuration of electronic energy levels when reactants are far away from one another, (b) thermal 
fluctuation raises energy level of anion and lowers level of cation to facilitate tunneling of electron and (c) 
relaxation of energy levels to configuration corresponding to product species.  The solid black lines 
represent the energy wells for the electrons and the dotted lines correspond to the energy level of the 
highest energy electron bound to the ionic species 
The ions exist in the electrolyte as hydrated species in the electrolyte and when they are at 
infinite separation from each other, the electrons are in equilibrium with the dielectric 
environment (Figure 1.1a).  In the first step, the coupling between the electrons and the 
vibrational dynamics of the molecules and the medium induces a fluctuation in the electronic 
energy levels of the donor and acceptor species such that the two energy levels coincide 
(Figure 1.1b).  The transition state is defined as the state where the energy levels of the 
reactant and product species are isoenergetic.  The electron then transitions between the 
energy level of the excited donor state to the energy level of the excited acceptor state via 
quantum mechanical tunneling through an energy barrier as wide as the sum of radii of the 
donor and acceptor species (Figure 1.1b).  The products then relax to their final equilibrium 
conformations in Figure 1.1c.  An important point to highlight here is that even though the 
electronic transition is in essence a tunneling phenomenon, a tunneling rate might not 
manifest in the overall rate expression.  For cases where the nuclear motion is slow, the 
energy degeneracy in step two is sustained long enough for tunneling to be relatively rapid 
and thus, the rate limiting step is the excitation of the energy levels by the vibrational 
coupling.  On the other hand, for situations where the tunneling barrier is large and/or the 
accompanying nuclear motion is fast, the rate limiting step would be defined by the tunneling 
rate.  The free energy barrier due to the rate-limiting, slow environmental dynamics is also 
referred to as the inertial polarization free energy barrier.  Thus, the non-inertial polarization 
reactions usually refer to the case when the dynamics of nuclei motion are comparable to or 
faster than the velocity of the exchanged electron.  Following this seminal work on charge 
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transfer in solutions, Marcus proposed a quantitative theory of the dependence of reaction 
rate on overvoltage for electrode-electrolyte processes involving an electron transfer 
mechanism.33-35  The assumptions and theoretical approach utilized for electrode-electrolyte 
processes were similar to those applied to charge transfer in solutions, with an exception 
made for imaging effects of charge densities at metal electrode surfaces.33 
The solution to the Schrodinger’s wave equation for the complete system (nuclei, 
dielectric medium and electron) for the case of non-inertial polarization is relatively more 
complicated when compared to the inertial polarization case because the nuclear dynamics 
and electron motion are now coupled to one another in the same time-scale.  In this particular 
case, nuclei no longer see an “average” potential due to the electron densities and as such, the 
forces on the nuclei and the solvent molecules cannot be considered as classical.  The 
potential energy surface for the system is obtained by solving the Hamiltonian for the nuclear 
subsystem, in which the coupling with the electronic energy levels is introduced as a couple 
of cross terms which complicate the solution considerably.27, 36  Also, the rapidly varying 
nuclear coordinates are no longer static time invariant parameters in the solution of the 
electronic Hamiltonian, making the system “non-adiabatic”.  The non-adiabatic nature of the 
system implies that as one moves along the potential energy surface, the electrons can no 
longer be assumed to exist in their lowest energy level and the state of the electrons changes 
as the nuclear sub-system changes state.  The earliest attempts to describe a non-adiabatic 
process can be traced to the classic paper by Zener37 that utilized first order perturbation 
theory to model the crossing between two eigenstates of a molecule.  Landau38 and Weiss28 
modified Zener’s work to evaluate a collision cross section between reacting molecules for a 
non-adiabatic process.  However most work was restricted to gas phase reactions and the 
effect of solvent polarization was excluded from analysis. 
The development of thin-film molecular assemblies as surface coatings for metallic 
electrodes over the last two decades helped further the understanding of the non-adiabatic 
charge transfer process.  The alkanethiol self-assembled monolayer, a specific type of these 
surface coatings, is an organized structure of surfactant molecules that adsorbs at a solid-
liquid interface and forms well-ordered assemblies on the surface of the solid.8, 39, 40  These 
molecules have three components, namely (a) the thiol group that has a strong interaction 
with the underlying metal substrate that facilitates the chemisorption of the molecule on the 
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electrode, (b) the alkyl chain, van der Waals interactions between which result in the close 
packing structure of these thin films and (c) the terminal end group that imparts the 
functionality to the monolayer-modified electrode surface.41  The alkanethiol organic 
molecules form semi-crystalline, ultra-thin, homogenous films with reproducible electronic 
properties that can modify the interfacial properties of the solid in a controllable manner.42  
Thus, solid electrode surfaces modified by these SAMs have been used extensively as 
platforms to investigate the effects of monolayer thickness and functional end groups on 
electron transfer.16, 17, 43-46  Electron transfer for ω-functionalized monolayers adsorbed on 
gold has been extensively studied for cases where an electron donating/accepting redox 
active species is dissolved in the electrolyte as well as for situations where a redox active 
species is tethered to the alkyl chain, as mentioned before.  Initial attempts to describe the 
current overpotential curves for these cases relied on the assumption that the exchange of 
charge between the metal phase and the redox active species is an adiabatic process and that 
tunneling of charge through the monolayer film did not play a significant role in the reaction 
kinetics.16, 44  Subsequently, the adiabatic charge transfer theory was modified to account for 
the tunneling of electrons through the monolayer film.  The tunneling process was, however, 
modeled on Schmikler’s description of adiabatic resonance tunneling within iron oxide thin 
films47, 48 where the charge was assumed to tunnel across a rectangular potential energy 
barrier from a donor to an acceptor state.  Nuclear and environmental dynamics were 
assumed to be unimportant in the analysis.17  A more complete description of the charge 
transfer between a metallic electrode and a redox active moiety that are separated by an 
intervening monolayer film involves a chemical kinetics approach to defining a bridge-
mediated reaction between an electron donor and acceptor species9, 22, 44 where the non-
adiabatic molecular orbital interaction between the reacting species in the electrolyte and the 
metal electrode is taken into account in the description of the underlying redox reaction.  The 
effect of the intervening monolayer film is introduced as a quantum mechanical coupling 
factor between the metal electrode and the electrolyte species, commonly referred to as the 
transfer integral, in the expression for the rate constant.9, 49  The formulation of the coupling 
factor usually requires a description of the electronic structure of the molecular bridge and 
the accuracy of the derived rate expression is a strong function of the electronic structural 
model adopted for this calculation.50, 51  Although these quantum mechanical descriptions of 
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charge transport through the monolayer film refer directly to the nuclear and electronic 
factors that affect the mechanism of charge conduction through the monolayer film, the ease 
with which these results can be interpreted and compared to experimental data decreases 
rapidly with increasing complexity in the calculations for the transfer integral.50  However, 
since the calculated transfer integral decreases exponentially with monolayer film 
thickness,51 this simple functional dependence between the rate constant and the monolayer 
chain length has been studied extensively and is, in our understanding, the most commonly 
investigated experimental parameter in these donor-bridge-acceptor systems.52, 53  A 
comparison between the experimentally obtained decay constant and the ab initio decay 
constants calculated from the transfer integral suggests that the primary mechanism of charge 
transport through the monolayer film is tunneling through σ-bonds,17, 52 and that a small 
amount of charge is also transported by a process of electron hopping between alkane chains 
in the monolayer film.52 
These quantum mechanical models of charge transport across an alkane thiol monolayer 
film are limited to specific cases where a redox active moiety is either dissolved in the 
electrolyte or is tethered to the end of the monolayer chain and this electroactive species acts 
as the donor or acceptor species for the transported electron.  These studies indicated that 
background electrolyte anions play an insignificant role in the electron transfer kinetics of a 
gold-monolayer-electrolyte system since the exchange of electrons between the metal phase 
and the electrolyte solutions is dominated by the electronic interaction between the 
electroactive ion and the metal phase.44  Consequently, background electrolyte properties like 
pH have a small impact on the observed results and the effect of varying these parameters is 
limited to shifts induced in the formal potential for the electroactive species.  Moreover, the 
use of redox active species in the electrolyte also restricts the range of applied potentials 
since significantly large anodic or cathodic potentials result in the onset of a mass transfer 
limitation where the charge transport through the monolayer phase is no longer rate limiting.  
Thus, by using electrolyte-dissolved redox active species to probe charge transfer at 
monolayer-modified electrodes, additional information about the physicochemical properties 
of the electrode-electrolyte interface is lost, as will be demonstrate in this dissertation.  Also, 
most experimental work on charge transfer at monolayer modified electrodes relies on the 
use of the simpler adiabatic charge transfer theory to explain observed kinetic data and is at 
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odds with conventional understanding that describes the electron transfer event as non-
adiabatic.  Accordingly, the kinetic rate constant has a Tafel-like functional dependence on 
the potential bias applied to the metallic phase, which is in agreement with the adiabatic 
description of electron exchange between the metal and the redox active species,16, 17 where 
the anisotropy between the cathodic and anodic arms of the Tafel plots was attributed to the 
potential dependent tunneling of charge through the alkane backbone of the monolayer 
film.17  However, when these bridge electron transfer reactions are described as non-adiabatic 
electronic interactions between the donor and the acceptor species, the mechanism by which 
the potential bias affects the observed rate constant is difficult to identify because of the 
complexity of the calculated transfer integral. 
A gold-monolayer-electrolyte experimental system is investigated in this dissertation to 
describe the non-adiabatic charge transfer characteristics between the gold electrode and 
electrolyte solution when neither the electrolyte nor the monolayer terminal group has a 
redox active moiety associated with them.  The observed current density in these systems has 
been characterized in the literature as a leakage current that occurs due to the penetration of 
electrolyte ions within pinhole defects in the monolayer film.23-25  Since no electroactive 
moiety acts as the dominant electron donor or acceptor molecule, the effect of background 
electrolyte properties on this observed current density may become significant in these 
situations, and the electronic coupling between the electrolyte constituents and the metal can 
then provide information on the state of the monolayer-electrolyte interface.  The leakage 
current is also a strong function of the applied potential,24, 54 and in this dissertation a 
methodology is demonstrated that uses this dependence of current on applied potential to 
describe the non-adiabatic mechanisms of charge transport within thin monolayer films, 
without resorting to the use of quantum mechanical transfer integrals that often need 
unknown parameters to evaluate.  Empirical parameters derived from these mechanistic 
descriptions of charge transport are used to evaluate the physicochemical properties of the 
monolayer-electrolyte interface.  In the absence of electrochemically active ions, the electron 
donating or accepting states in the electrolyte are, expectedly, the hydroxyl or proton ions in 
the aqueous electrolyte.  Consequently, the system does not suffer from mass transfer 
limitations at large anodic or cathodic potentials, thereby providing a larger potential range 
for examination.  To our knowledge, a quantitative mechanistic description of current-
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potential behavior in monolayer films for the case when the electrolyte has no electroactive 
species is still an open question. 
 
1.3. Physico-Chemical Properties of Solid-Liquid Interfaces 
Solid surfaces modified by alkanethiol molecules have been used extensively as 
platforms to investigate phenomena like wetting,55, 56 adhesion,41 affinity based biomolecule 
detection,57-59 photon harvesting,60 electro-kinetic flow61-63 and electron transfer.  Most of 
these applications require an insight into the effect that the double layer structure and the 
surface charge density at the monolayer-electrolyte interface have on the kinetics and the 
thermodynamics of the processes involved.  However, a method to measure and quantify the 
surface charge density at the monolayer-electrolyte interface is a pre-requisite to developing 
such understanding. 
Traditionally, the electro-kinetic potential (or the zeta potential) that characterizes the 
potential between the hydrodynamically fixed and mobile parts of the electric double layer 
has been used to define the surface charge at the electrode-electrolyte interface.64, 65  
Streaming potential and streaming current measurements are used to evaluate the values of 
zeta potential at different surfaces.66  However, the charge density, as described by the zeta 
potential, is merely an approximation to the charge distribution at the inner and outer 
Helmholtz planes as defined in the Stern-Grahame model of the double layer,65 and this 
approximation fails at length scales less than or comparable to the size of the diffuse layer. 
Atomic Force Microscopy (AFM) is a promising experimental technique that is used to 
probe surface charge densities at solid-liquid interfaces.67-72  The AFM has been utilized 
extensively to study surface charge distributions at the interfaces between monolayer-
modified surfaces and electrolytes.73, 74  The surface charge and potential are calculated from 
measurements of force between the modified surface and the cantilever tip, using the 
Derjaguin approximation.75  Although the double layer can be probed with nanometer 
resolution using the AFM, the technique is limited by the “snap-in” phenomenon that 
prevents accurate measurement of attractive forces less than 10 nm from the surface of 
interest.72, 73  This restricts the investigation of the double layer to the diffuse region only, 
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where the bulk electrolyte can at most be a few milli-molar in concentration.  These low 
concentrations ensure that the length of the diffuse layer is greater than the snap-in distance.  
The development and use of active force probes76, 77 has alleviated some of these problems 
and enabled the measurement of near-field forces within the snap-in region.  However, the 
accurate sampling of forces (and hence the characterization of charge densities) at short 
distances from the solid surface (<5nm) remains an area of concern. 
Several attempts have been made in electrochemical literature to provide a theoretical 
description of the surface charge density at the monolayer-electrolyte interface, specifically 
for the cases when the monolayer is terminated by a redox center or an acidic/basic end 
group.78-81  The surface charge density, in these publications, referred to the charge density at 
the inner Helmholtz plane alone.  Thus, the analytical expressions for the variation of surface 
charge density with the applied potential bias that were reported take into account the effect 
that the applied potential would have on the chemistry of the terminal end groups in the alkyl 
chain but do not elaborate on how the surface charge density at the monolayer-electrolyte 
interface depends on the electron transfer process from the metal electronic energy levels to 
the donor/acceptor vibrational levels in the electrolyte.  The effect of charge transfer through 
the monolayer on the surface charge density has largely been ignored, and reported 
deviations of the interfacial capacitance of the system from ideal capacitive behavior have 
usually been ascribed only to the reactions occurring at the terminal group in the film.54, 79, 81  
However, different electrochemical tools like chronoamperometry17, cyclic voltammetry15-17, 
82 and coulostatic capacitance measurements45 have been used extensively to demonstrate 
that the electron exchange process does indeed depend on the properties of the monolayer-
electrolyte interface.  The effect of the interface properties on the charge transfer process is 
inferred: (i) from the repulsive or attractive Coulombic field exerted by the functional group 
on dissolved electroactive species,15 or (ii) from the steric and solvation effects on the 
tethered redox species at the inner Helmholtz plane.16, 17, 83  The underlying redox reaction 
occurs via a non-adiabatic interaction between the electronic orbitals of the metal phase and 
the vibronic continuum of the redox species, as mediated by an alkane linker.  Since the 
alkane-functional group bonding orbitals constitute the first subunit of that linker, a strong 
influence of the monolayer-electrolyte interface on the reaction kinetics is expected.9, 22  
Conversely, we expect the process of electronic transition across the organic linker to have 
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an effect on the surface charge density at the monolayer-electrolyte interface.  Therefore, a 
measurement of the redox charge flow can, in principle, provide a quantitative measure of the 
surface properties of a thin-film modified electrode.   
The investigation of electron transfer in these cases, however, is limited to the use of a 
tethered or dissolved redox active species that interacts with the electronic orbitals of the 
metal.  Since the reaction kinetics are dominated by the electronic and vibrational levels of 
the electroactive species, background electrolyte properties do not play a significant role in 
the kinetics of the charge transfer process.  Thus, gold-monolayer-electrolyte systems in 
which redox active moieties act as donor/acceptor species for the electron exchange process 
serve as idealized platforms for the investigation of charge transfer at and the surface 
characteristics of solid-liquid interfaces.  However, in a majority of the practical applications 
developed for monolayer coatings of electrode surfaces, electroactive species that act as 
electron donors or acceptors are not present in appreciable amounts, either in the solution or 
at the inner Helmholtz plane.  As mentioned earlier, a small current density has been 
experimentally observed in these systems and this flow of charge has been characterized as 
background or “leakage” current in literature.23-25  The surface chemistry at the monolayer-
electrolyte interface is expected to have a strong influence on this leakage current, as will be 
demonstrated in this dissertation, and the potential dependence of the leakage current density 
is utilized to extract specific physico-chemical properties and the surface charge density at 
the monolayer-electrolyte interface. 
 
1.4. Challenges and Opportunities in using Impedance Spectroscopy 
Impedance spectroscopy is a relatively recent analytical technique that has been used 
extensively to investigate the dynamics of bound and free charges at the solid-liquid 
interface.84  The experiment involves the application of a known electrical stimulus, like 
potential or current, to the electrode-electrolyte interface under investigation and to observe 
the subsequent response (current or voltage respectively).  The stimulus commonly used in 
these experiments is a single frequency sine wave superposed on a time invariant component 
of the overall signal.  The frequency is usually swept from a high (~1MHz) to a low (~1mHz) 
value and the resulting real and imaginary parts of the response at the different frequencies 
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are measured using an analog circuit.  In the experiments considered here, the applied 
stimulus is an applied potential signal and the measured response is the observed current 
density. 
The generic response of a linear system to an applied potential signal of the form 
)sin()( tVtv o ω=  is a current given by )sin()( θω += tIti o , where θ  is the phase difference 
between the potential and the current.  The time domain solution relating the current and the 
voltage signals via the system properties can be complicated and may require the solution of 
a system of differential equations.  Transforming the signals to the frequency domain 
simplifies the mathematics considerably, as the current )(ωI  and potential signals )(ωV  are 
now related to one another by )()()( ωωω IZ ⋅V = .  The impedance )(ωZ  for a resistor is 
frequency independent and is given simply by R, that for a capacitor is given by Ciω/1 , and 
the impedance of an inductor is Liω  in its complex notation, with i  representing the 
complex 1− .  The form of the relation between the voltage and the current in the frequency 
domain is similar to Ohm’s law for direct current and because of this Ohmic relationship, the 
net impedance of a circuit with multiple linear elements like capacitors, resistors and 
inductors is evaluated the same way as the net resistance is calculated for a circuit containing 
multiple resistors in series and in parallel.  Since Z  is measured as a function of the swept 
frequency )(ω , the resulting data can be represented either as a Bode plot in which the 
magnitude and phase of Z  are plotted as functions of ω ,or as a Nyquist diagram in which 
the real and imaginary parts of Z  are graphed against one another. 
Impedance spectroscopy is fast becoming a popular tool for electrochemical analysis 
because the impedance technique involves a relatively simple, automated electrical 
measurement and the results can often be related back to the different transport and reaction 
phenomena occurring within the electrochemical system.85, 86  The correlation of the 
observed impedance to physical processes in the system may be achieved either by (a) 
developing a mathematical model of the different electrochemical processes based on the 
underlying physics or (b) by approximating the system by an empirical equivalent circuit 
comprising linear circuit elements where each component of the equivalent circuit is 
representative of a physical structure in the system.  The parameters describing the physical 
processes in the electrochemical system are obtained by fitting the observed impedance 
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response to the exact mathematical model or the empirical circuit.  The equivalent circuit 
approach is frequently used in the analysis of impedance spectra because of the ease and 
simplicity of applying a linear circuit of resistors, capacitors and inductors to the frequency 
response.  However, a complication that arises in the equivalent circuit approach is that any 
number of equivalent circuits may be devised that can fit the experimental impedance 
spectrum equally well.  Any conclusion based on the empirical equivalent circuit approach is, 
therefore, ambiguous unless substantiated by another orthogonal experimental technique.  In 
addition, linear circuit elements like capacitors and resistors can only approximate the 
electrical response of an electrochemical system that is inherently non-linear and in certain 
cases may be completely incorrect.84  The limitations of the equivalent circuit model are 
made clear in the investigation of charge transfer in gold-monolayer-electrolyte systems, as 
elaborated on below. 
Impedance Spectroscopy has proven to be a useful tool for the investigation of charge 
transfer at monolayer-electrolyte interfaces, especially for cases where the electrolyte may87-
90 or may not23-25, 54, 91 contain a redox active ion.  The data is usually analyzed by a least 
squares fitting of the observed electrical response to the frequency response of an idealized 
equivalent circuit.46  For the case when the electrolyte has no electro-active ions, the 
description of a gold-monolayer-electrolyte system under the application of variable DC bias 
is complicated by the existence of three regimes that are defined by the magnitude of the 
applied potential with respect to the bulk electrolyte solution: (a) a nearly purely capacitive 
regime at anodic potentials (Figure 1.2a), where the observed phase angle of the response is 
observed to be 88° (nearly 90° for pure capacitance); (b) a resistive plus capacitive regime 
for cathodic potentials (Figure 1.2b), where the response begins to manifest predominantly 
real characteristics at low frequencies24, 91; and (c) a capacitive regime at large anodic 
potentials (Figure 1.2c), where the impedance undergoes a small but statistically significant 
shift towards a more resistive response. 
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 Figure 1.2.  The impedance spectrum of a gold-monolayer-electrolyte system at (a) 100 mV, (b) –200 
mV and (c) 500 mV as seen in the Bode phase plots (top row) and Nyquist plots (bottom row).  A self-
assembled monolayer film of 1-octadecane thiol on gold is the working electrode placed in a 10 mM 
phosphate buffer solution maintained at pH 8.  Arrows in Nyquist plots indicate the direction of 
decreasing frequency. 
The terms “anodic” and “cathodic” as applied to potentials describe different regimes of 
applied potential where the observed current density is oxidizing and reducing respectively.  
The monolayer film on the polycrystalline gold electrode is known to be electrochemically 
stable in the potential range (–500 to 500 mV) where the above mentioned impedance 
responses were recorded.  The slight deviation of the phase response of the purely capacitive 
regime from 90° is hypothesized to be due to leakage current, caused by substrate roughness 
and/or pinhole defects in the film that facilitate ion penetration into the monolayer 
structure.24, 25, 91  This deviation from ideality is explained by the use of the constant phase 
circuit element, where the empirical shape parameter α captures the average effect of the 
inhomogeneties.23  The transition between regimes (a) and (b) is said to occur due to a 
change in the structure of the monolayer that facilitates ion penetration, and the transition 
point is characterized by a threshold potential (Vc), which is a function of the end group in 
the monolayer film and the thickness of the film.25  A subsequent paper by Burgess et al.54 
attributed the transitional behavior of monolayer films terminated by an acidic head group to 
protonation/de-protonation events occurring at the inner Helmholtz plane.  We could not find 
a reference to the third potential regime (c) in the literature.  The impedance spectrum also 
does not display any Warburg-like characteristics, indicating that the charge exchanging 
ionic/neutral electrolyte constituent is never mass-transfer limited for any value of applied 
potential within the potential range.16, 43-46, 92  The absence of mass transfer limitations on the 
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impedance spectrum lessens the possibility that some trace electroactive impurity in the 
electrolyte acts as a significant electron donor/acceptor.  The application of a 
phenomenological circuit model to describe the non-linear potential response of a gold-
monolayer-electrolyte system necessitates that each regime be discussed independently of the 
other because no single equivalent circuit with linear components is capable of modeling the 
entire spectrum of impedance responses exhibited by the monolayer-modified gold electrode.  
Therefore, the use of equivalent circuits does not provide a mechanism that facilitates the 
transition of the system from one potential regime to another.  The prevailing hypothesis is 
that the increase in current at cathodic potentials is due to electric field-induced structural 
defects in the monolayer film, analogous to pores in lipid bilayer structures that permit ion 
flow through the membrane.24  However, this hypothesis remains experimentally unproven. 
A mechanistic description for the diverse regimes based on the underlying physics of the 
non-adiabatic charge transfer process, that does not rely on empirical circuit models, and 
which can be experimentally verified using current-potential observables, is needed for a 
more complete understanding of charge transfer through monolayer modified electrode 
systems in the absence of redox active moieties, as will be demonstrated in this dissertation. 
 
1.5 Application: Electronic Spectroscopy of Solid-Liquid Interfaces 
The advent of systems biology93 led to the understanding that gene regulatory networks 
perturbed by disease differ in the type and concentration of proteins and control factors 
expressed by said networks, as compared to healthy biological systems.  In principle, the 
progression of the disease could be monitored by changes in the expression levels of the 
functional proteins and control factors in the serum with time, and these proteins and control 
factors would, then, serve as biological markers for disease analysis.94, 95  Molecule-based 
diagnostic systems are expected to play an ever-increasing role in direct observation of 
moieties involved in diseases, and for devising and following up on molecular therapeutic 
strategies to combat these diseases. 
The onset of and progression in different stages of disease is usually marked by 
perturbations in the expression levels of several hundred/thousand types of marker molecules 
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simultaneously and is rarely a function of the temporal distribution of a single protein or 
control factor.  Moreover, a preliminary large scale combinatorial experiment (~108 
measurements for prostate cancer94) is needed to develop an understanding of the regulatory 
network so that the different molecules that can act as markers are identified and tracked.  
Thus, constructing a predictive model of disease and the subsequent real-time monitoring of 
the disease require an experimental tool that is capable of a high analysis throughput and is 
highly selective with respect to each marker of interest.  These demanding requirements on 
the experimental platform aside, the tool must also be capable of yielding a high signal-to-
noise ratio amidst the large background noise due to the heterogeneity that characterizes most 
biological systems, and so the analysis technique must also be very sensitive to the different 
analytes of interest.  Given the large numbers of molecular targets that need to be tracked 
simultaneously, the tool must be amenable to a quantitative large scale parallel analysis of 
the prospective patient’s blood serum. 
Mass spectrometry (MS) has been used extensively to demonstrate that the presence of 
specific analytes in the blood sample is indicative of different stages of cancer growth.95-98  
Though MS is highly sensitive and specific to the chemistry of a particular molecular marker, 
the technique is not well suited to the high throughput analysis of biological molecules 
particularly since the biological samples need to be purified and ionized prior to analysis.  
These limitations led to the search to alternative molecule detection strategies that could 
combine the high sensitivity and selectivity of mass spectrometry with the capability to 
handle samples at high throughput.  One such diagnostic tool for measuring protein type and 
concentration in a parallel format is the enzyme-linked immunosorbent assay (ELISA),99 also 
referred to as the sandwich assay.100  A primary antibody is bound to the surface of a well 
plate and a fluorophore labeled secondary antibody in the liquid phase sandwich the 
molecular analyte of interest, and the binding of the secondary antibody is optically detected.  
ELISA is capable of detection sensitivity in the range of a few pico-molar of the analyte.  
This particular detection technique is limited by (a) the tendency of the fluorophores to 
photobleach, (b) low signal-to-noise ratio due to the heterogeneous serum environment which 
can contain >104 proteins spanning a concentration range >109,101 (c) the need to synthesize 
two (primary and secondary) antibodies with the affinity for the analyte of interest, (d) low 
throughput due to low affinity between the primary/secondary antibody and analyte, (e) the 
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need to integrate expensive optical components onto the measurement platform, and (f) the 
modification of normal physiological behavior of the analyte due to attachment of the large 
fluorophore molecule.  Much work has been done to amplify the weak optical signal using 
gold/silver enhanced nanoparticles,102 Raman bio-barcodes103 and utilizing DNA-modified 
magnetic nanoparticles to pre-concentrate the serum.104  These improvements helped push 
the sensitivity threshold of the basic ELISA platform to 100 atto-molar of the analyte.  
However, the basic problems with low throughput, and issues with tagging the analyte with a 
large fluorophore molecule, thereby altering normal physiological responses of the analyte, 
remain an area of concern. 
The problems with detection techniques employing optical labels eventually resulted in 
research into the so called “label-free” strategies, where the presence or absence of the 
analyte could be detected as a change in a mechanical or electrical signal.  The earliest efforts 
in this direction can be traced back to Bergveld who developed the ion sensitive field effect 
transistor (ISFET).105  The device is analogous in configuration to a solid-state MOSFET 
where the metallic gate is replaced by an aqueous electrolyte.  The double layer formed at the 
solution-oxide interface interacts with the space charge layer at the oxide-silicon interface 
through the thin oxide film and therefore, the conductance in the silicon channel is affected 
by activity of the ions in the electrolyte.106  Modifications to the basic ISFET design include 
the addition of a monolayer of functionalized antibody molecules to the oxide layer adjacent 
to the electrolyte phase that facilitate the capture of molecular marker.107  The binding event 
at the device-electrolyte interface between the charged molecular marker and the antibody 
changes the surface potential at the gate and could change the conductance in the silicon 
channel, which is, in turn, reflected in a change in the measured current or potential between 
the source and drain electrodes.  In principle though, the screening effect due to the large 
number of counterions in the space charge layer at the device-electrolyte interface tends to 
reduce the signal-to-noise ratio considerably.108  Also, since the hybridization event occurs at 
the solid-liquid interface which is usually several hundred nanometers removed from the bulk 
silicon, the effect on the conductance of the silicon channel is expected to be minimal. 
The issue of low signal-to-noise ratio for the field-effect devices was addressed by 
miniaturizing the current carrying component or the so called “active” part of the device.  
Thus, in the case of the FET device, the active component is a silicon nanowire or a carbon 
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nanotube in place of bulk silicon.  A high surface area-to-volume ratio for the active part of 
the device implies that the electronic properties of the device are determined largely by the 
surface atoms.  Thus, the hybridization event between the tethered antibody and marker that 
also occurs at the surface of the active component is coupled to the electronic conduction 
within the device.109, 110  A strategy similar in concept to the nanowire FET involves the 
electrical detection of charged molecular analytes using bio-functionalized thin-film resistors.  
In this case, the resistivity of the device is coupled to the binding events occurring at the 
device-electrolyte interface.111  Though these recent developments in nanostructured 
detection devices are seemingly very promising advances towards the eventual end goal of a 
sensitive, analyte specific sensor platform capable of handling high throughputs of patient 
serum, the nanowire/nanotube devices and thin-film chemresistors have a conceptually basic 
drawback: events occurring within the space charge layer of the device-electrolyte interface 
are physically decoupled from the phenomenon of charge flow in the active component of the 
device, and this limits the threshold sensitivity of the device.  The detection platform is 
designed to spatially couple two otherwise independent phenomena by the miniaturization of 
the active component of the electronic device, thereby increasing the sensitivity limit.  
However, this coupling comes at the cost of increased complexity in device design and 
fabrication.  A fundamentally different approach in designing a sensing platform is to 
“forcibly” couple the charge carrier (electron/hole) flux with the dynamics of the solid-liquid 
interface by pushing the charge carrier from the solid-phase across the interface into the 
liquid phase, rather than have the carrier flux parallel to the device-liquid interface.  The 
philosophy of utilizing a normally incident particle or wave to probe the characteristics of a 
solid-vacuum interface is used extensively in several well-known surface analysis 
techniques, and this philosophy of measurement is extended to the solid-liquid interface in 
this dissertation. 
The flux of electrons normal to a solid-liquid interface comprises what has often been 
referred to as leakage current.  The presence of a leakage current in these electrochemical 
gold-monolayer-electrolyte systems indicates that though redox active species are not added 
to the electrolyte in significant amounts, ionic/neutral constituents of the electrolyte that can 
accept electrons from, or donate electrons to, the Fermi level of the gold electrode must be 
present.  The precise identity of these ionic or neutral species is, at present, unknown.  The 
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inability to formulate a reasonable kinetic description of the charge transfer at the solid-liquid 
interface constitutes a formidable obstacle to understanding the mechanics of leakage current.  
However, the work presented in this thesis demonstrates that the process of electron transfer 
in these electrochemical systems can be described within the general framework of non-
adiabatic charge transfer theory.  Consequently, the current-overpotential characteristics of 
these thin-film systems are dominated by the vibronic-electronic interaction between the 
ionic/neutral electrolyte constituents and the gold as mediated by the alkanethiol linker.  
Therefore, the nature of the electrolyte has a significant effect on the leakage current, and 
thus the measured surface characteristics of these thin-film-modified surfaces.  To our 
knowledge, a quantitative description of the measurement of surface properties for 
monolayer films for the case where the electrolyte does not contain electroactive species 
when charge flows through the monolayer film is still lacking.  A comprehensive 
methodology that can extract detailed surface properties from current-potential curves for a 
thin-film modified electrode in the absence of redox active ions, thus, has potential for use in 
molecular marker sensing applications. 
Such an analysis technique, that enables the estimation of surface properties from 
electrochemical impedance measurements, is presented in this dissertation.  Chapter 2 
presents the underlying assumptions behind the methodology used as well as a step-by-step 
account of the calculation of the parameters characterizing various physico-chemical 
properties from electrochemical admittance data on monolayer-modified gold electrodes.  
The effect of varying bulk electrolyte and monolayer properties on these parameters is 
examined in Chapters 3 and 4.  A detailed description of the different mechanisms by which 
leakage current flows across the insulating monolayer film is also provided in Chapter 4.  A 
theoretical model is proposed in Chapter 5 that relates the different mechanisms of leakage 
current flux to the ionic surface charge density present at the monolayer-electrolyte interface. 
Finally, the results of the work presented in this thesis are summarized in Chapter 6 and 
along with some suggestions on the future roadmap for this research.  In summary, the 
overall goal of this dissertation is to develop an electrochemical sensing platform that utilizes 
an electron as an interrogating particle/wave to probe the physical and chemical properties of 
an electrified solid-liquid interface. 
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Chapter 2: Mechanistic Description of Charge Transport∗ 
2.1 Introduction 
The description of current flow through a monolayer-modified electrode-electrolyte 
interface is traditionally described within the framework of non-adiabatic charge transfer 
theory.1-4  The electron transfer event is treated as an elementary chemical reaction with a 
first order kinetics expression where the rate constant for the electron transfer event 
incorporates the non-adiabatic interaction between the vibration energy levels of the 
electrolyte reactant and the electronic orbitals of the metal electrode.  The monolayer film 
between the electrolyte and the metal phases acts as a molecular bridge that facilitates or 
hinders the overall charge transfer process.2  The effect of adding a molecular mediator in the 
charge transfer process appears as quantum mechanical coupling integral that is dependent 
upon the band structure of the monolayer film and the electrostatic environment in the 
immediate vicinity of the solid-liquid interface.5  The heterogeneous nature of the gold-
monolayer-electrolyte interface usually makes the exercise of calculating the coupling 
integral computationally intensive and in most cases, impossible.  The problem is 
compounded by electrolyte systems where the electron donor/acceptor species in the 
electrolyte is unknown, as happens for the case of leakage currents6-8 in the absence of redox 
active moieties.  However, the characterization of leakage current is a problem that merits 
serious consideration.  Background electrolyte properties like pH, concentration and 
supporting ion chemistries play an important role in the charge transfer process when redox 
active species in the electrolyte are absent, since the overlap between the electronic orbitals 
of the metal and the vibrational energy levels of the donor/acceptor species is now weak.  
Hence, leakage currents are coupled to the chemistry of the monolayer-electrolyte interface 
and may be utilized to retrieve information about the physical and chemical properties of the 
interface. 
A mechanistic description of the pseudo-steady state current density through a gold-
monolayer-electrolyte system is presented in this chapter that models the observed current 
                                                 
∗ Part of work presented in this chapter has been published in Gupta, C.; Shannon, M. A.; Kenis, P. J. A. 
Journal of Physical Chemistry C 2008, 113, 9375 
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density as a flux of charge through the monolayer, limited by the largest of several energy 
barriers that can inhibit the transfer of charge from the metal to the electrolyte phase or vice-
versa.  Thus, the constitutive charge transport equation is used to model the low frequency 
non-adiabatic charge transfer process, where the charge flux is assumed to have conductive, 
diffusive and capacitive components.  Based on this non-adiabatic description of the charge 
transfer process, a comprehensive hypothesis is introduced in this chapter in which an 
expression for the low frequency admittance of a gold-monolayer-electrolyte system is 
derived, which is equally applicable to either of the two possible charge transport 
mechanisms, namely via ion penetration through pinhole defects in the monolayer film or via 
electron migration through the alkane chains of the monolayer phase.  The transport 
parameters in this expression, namely the charge mobility and the charge diffusivity in the 
monolayer film are unknowns that are estimated using a non-dimensional scaling analysis 
also outlined here.  The constitutive expression for the gold-monolayer-electrolyte 
admittance, with the charge mobility and diffusivity now known, is fit to experimentally 
obtained admittance values for the gold-monolayer-electrolyte system to calculate the free 
charge density and electric field in the monolayer.  In summary, this chapter presents an 
analytical methodology to characterize the leakage current density through a monolayer-
insulating film mediating between a gold electrode and aqueous electrolyte solution. 
 
2.2 Qualitative Discussion of Limiting Energy Barriers 
The estimation of physicochemical properties, characterizing the interface of a gold-
monolayer-electrolyte system, from low frequency impedance data is independent of the 
mechanism by which charge leaks through the system, as demonstrated in Chapter 3.  
However, the physical significance of these properties depends on the dominant charge 
transport mechanism that is responsible for the flow of charge through the gold-monolayer-
electrolyte system.  Therefore, interpretation of the results presented in this chapter requires 
an analysis of the various mechanisms of charge transport within the gold-monolayer-
electrolyte system.  Two alternate mechanisms for the “leakage current” through the 
monolayer film are proposed in this section: (1) the transport of charge carriers across the 
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alkane backbone of the monolayer phase; and (2) penetration of charge carriers through 
pinhole defects in the monolayer film. 
Figure 2.1.  Schematic illustrating the two types of pinhole structures for an alkanethiol monolayer film 
that self assembles on gold, and their respective circuit diagram representations.  The alkane phase that 
is denoted by the ball and stick model (red) chemisorbs on the gold surface (yellow) via the thiol moiety 
(green).  The monolayer is in contact with the adjacent electrolyte phase that consists of ions (orange) 
solvated by the aqueous dielectric medium (sky blue).  The arrows represent different charge transport 
mechanisms through the monolayer phase: charge carrier penetration through pinhole structure (black) 
and charge carrier transport through the alkane phase of monolayer film (green).  The abbreviations 
W.E. and R.E. in the circuit diagram refer to the working and reference electrodes respectively.  For 
convenience, the resistance and capacitance of the accompanying diffuse layer is ignored in the circuit 
representation.  (a) Contiguous monolayer films on smooth gold surfaces do not allow charge carrier 
penetration, and the Stern layer at the monolayer-electrolyte interface forms a continuous boundary 
between the monolayer and electrolyte phases.  The expected configuration of the electronic energy 
levels at the gold-thiol interface is also depicted in the inset.  The energy gap between the Fermi energy 
level of the gold substrate and the LUMO of the bulk alkane phase is assumed to be negligible.  (b) 
Charge transfer through the gold-thiol site involves charge transfer at the monolayer-electrolyte interface 
(Rct2monolayer) and charge transport within the monolayer (Rmonolayer).  The corresponding circuit 
components Rct2pinhole, Rpinhole and Rct1pinhole for charge exchange between the gold and electrolyte 
phases at pinhole sites denote the respective resistances to the ionization of the electron carrying 
functional end group, electron transport through the trapped gaseous medium in the pinhole structure 
and charge transfer to the underlying gold surface across the work function barrier.  An alternative 
electron flow path for Rct2pinhole is shown by the dotted connection.  In this case, Rct2pinhole measures the 
energy barrier limiting the generation of a free electron by the ionization of electrolyte constituents (c) 
Rough gold substrates result in loosely packed monolayer films that facilitate penetration of charge 
carriers and penetration by charge exchanging electrolyte constituents.  The monolayer-electrolyte 
interface breaks down in the presence of these large pinholes.  (d) The pinhole electrolyte interface lacks 
a resistance to charge transfer and the circuit components Rpinhole and Rct1pinhole now represent the 
resistance to charge carriers in the pinhole and the charge transfer resistance across the gold-electrolyte 
interface in these pinhole sites.  
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The term “charge carriers” here refers to both electronic and ionic charge.  These 
descriptions of charge flow are examined in the context of two different experimental 
systems, i.e. the case of an ideal defect free monolayer film and the case where the 
monolayer film is non-ideal and has large pinhole defects.  The gold-monolayer-electrolyte 
system with and without large pinhole defects are also represented as in terms of their 
respective equivalent circuits to highlight the difficulties associated with modeling the 
complex charge transfer phenomenon in terms of linear circuit elements like resistors and 
capacitors. 
The gold-thiol monolayer-electrolyte system depicted in Figure 2.1 comprises two 
interfaces: (a) the gold-monolayer interface, and (b) the interface between the end of the 
monolayer chain and the electrolyte solution.  Ideally, the ω-functionalized alkanethiols form 
a symmetric well-ordered array on the gold surface.9  The thiol packing density for a close 
packed monolayer structure with a √3×√3R 30° unit cell on an atomically smooth (111) gold 
surface results in pinhole sizes that are a fraction (~ 0.26) of the radius of a gold atom.10  
Surface roughness and/or inhomogeneties in the substrate or thermodynamic phase 
transitions in the thiol molecules during the assembly process can increase the area of the 
native gold surface that would not be covered by a thiol overlayer.11  The ions and polar 
solvent molecules in the electrolyte have to traverse a pinhole bordered largely by 
hydrophobic surfaces to access the exposed gold surface.  In the limiting case when the size 
of the pinhole is not significantly larger than the diameter of a gold atom, the probability that 
an ion or water molecule is able to reach the exposed gold area would be very low.  As a 
result, the interface between the functional end group and the electrolyte remains 
undisturbed.  However, the pinhole is, conceivably, large enough to facilitate penetration by 
a free electronic charge that can be generated by the ionization of charged and/or neutral 
species on the monolayer functional group or in the electrolyte.  Another possible path for the 
transport of charge involves electron transport along the alkane structure of the monolayer 
phase.  Charge transport in the insulating alkane medium can proceed through one of several 
different mechanisms like thermal or field excitation of the charge into the LUMO of the 
alkane chains,12 through bond tunneling of the electron along the alkane chain,13, 14 or 
thermal hopping of the electronic charge between potential wells localized on carbon atoms 
of the alkane chain.15  Thus, a gold-thiol interface characterized by such small pinhole 
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defects can exchange electrons either through the native gold atoms at the pinhole sites or via 
the gold atoms bound to the thiol moiety of the monolayer (Figure 2.1a).  The transfer of 
electrons at the site of an exposed gold atom is inhibited by a large potential energy barrier at 
the surface of the gold atom that arises due to the difference in the chemical potential of the 
electrons at the surface of each of the neighboring phases in contact.  In the limiting case 
when solvent molecules are unable to contact the exposed gold area, this energy barrier is 
approximated by the theoretical work function of gold (~ 5.4 eV vs vacuum ref.).12 
However, at the site of a gold-thiol (Au-S) linkage, electrons at the interface are 
delocalized in the bond orbital that characterizes the linkage, and the chemical potentials of 
all the bonded electrons at the interface region are equal.  Thus, the HOMO level of the 
monolayer phase is pinned to the gold Fermi level at the gold-monolayer interface.  Also, the 
Fermi energy of electrons at the gold-monolayer interface, measured with respect to the 
vacuum energy level shown in Figure 2.1a, is lower with respect to the same reference than 
the Fermi energy of surface electrons at a clean gold-vacuum interface, because the available 
states in the surface atoms are now populated by electrons shared by the sulfur moiety.16, 17  
Therefore, at the gold-monolayer interface, the gap between the Fermi level of the interface 
electrons and the bulk monolayer LUMO, denoted by Δ in Figure 2.1a, is less than the band 
gap of bulk monolayer phase (Figure 2.1a).  At ambient temperatures, higher thermal 
energies for the electrons in the metal Fermi level further reduce Δ.  In addition, electrostatic 
fields due to (i) dipole and (ii) image charge contributions from the monolayer functional 
group,17, 18 (iii) the ionic Stern layer, and (iv) the polarization12, 19 induced by the electron 
density of the alkane medium, all act to decrease Δ, as described in Section 2.2 in detail.  The 
potential energy barrier to charge transfer for the Au-S site is the sum of the gap between the 
interface electron Fermi level and the bulk monolayer LUMO (Δ) plus the energy difference 
between the position of the LUMO at the gold-monolayer interface and the bulk monolayer 
LUMO (ΔELUMO).  Since the contribution to the potential energy barrier from the Δ term is 
negligible compared to the contribution due to the energy difference ΔELUMO for the reasons 
listed above, the electrons transferring across the gold-monolayer interface experience a 
sharply peaked energy barrier located at the Au-S site, through which they easily tunnel from 
the gold Fermi level to the bulk monolayer LUMO level or vice-versa.  Therefore, the gold-
monolayer interface behaves as an Ohmic contact (Section 2.2), with little or no charge 
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transfer resistance at the Au-S site.  Any difference between the bulk gold and gold-
monolayer interface Fermi levels that can also contribute to the electron transfer energy 
barrier has been ignored.  The assumptions underlying this hypothesis are better justified 
when the mechanisms for charge transport in the monolayer are described (Chapter 4). 
The gold-monolayer-electrolyte system, where the monolayer film is ideal and defect 
free, is represented by an equivalent circuit in Figure 2.1b.  The large potential energy barrier 
inhibiting the transfer of charge at the gold-pinhole interface can be represented by a charge 
transfer resistance Rct1pinhole.  The corresponding charge transfer resistance for electron 
exchange at the gold-monolayer interface (Rct1monolayer) is assumed to be near zero, since the 
gold-monolayer interface behaves as an Ohmic contact as discussed above.  Besides the 
charge transfer barriers at the gold-monolayer and gold-pinhole interfaces, electron transfer 
from the monolayer-electrolyte interface to the gold-monolayer interface or vice-versa is also 
limited by transport barriers existing within pinhole defects in the monolayer film (Rpinhole) 
and within the monolayer phase (Rmonolayer).  Thus, the total resistance to an electron in the 
monolayer phase is either Rct1pinhole+ Rpinhole if transported through a pinhole defect or 
Rmonolayer if the electron gets transported via the alkane chain.  The pinhole and hydrocarbon 
structure in the monolayer also have capacitive contributions (Cpinhole, Cmonolayer) to their 
respective total impedance values, which are indicative of their respective charge storage 
capabilities (Figure 2.1b).  Finally, there is also a barrier to the exchange of electrons at the 
monolayer-electrolyte interface.  In the case of the alkane backbone, the energy barrier limits 
the electron exchange between the functional end group and specific ions/neutral molecules 
in the electrolyte (Rct2monolayer) that are identified elsewhere (Section 4).  For the pinhole, the 
potential barrier at the monolayer-electrolyte interface is representative of the amount of 
energy required for the functional end group to ionize (Rct2pinhole) and generate a free electron 
that can then traverse the pinhole defect (Figure 2.1b).  Alternatively, Rct2pinhole can also 
represent the energy required to generate a free electron by the ionization of a charged or 
neutral species in the Stern layer of the electrolyte that can act as the electron donor/acceptor.  
There is a capacitive contribution (CStern) to the observed impedance due to the monolayer-
electrolyte interface since the Stern layer can also store charge. 
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The equivalent circuit is modified substantially in the limit where pinholes in the 
monolayer film become large enough to allow electron donating/accepting ions and neutral 
electrolyte species to have access to the exposed gold sites (Figure 2.1c).  As the pinhole size 
increases, the hydrophobic “wall” effect associated with the alkane chains that line the 
pinhole decreases, and as a result the monolayer-electrolyte interface at the location of the 
pinhole presents a much smaller barrier to the electrolyte constituents that can exchange 
charge with the gold sites.  Therefore, the resistance to charge transfer at the pinhole-
electrolyte interface approaches zero compared to the other impedances i.e. (Rct2pinhole ~0).  
The total real impedance to charge flow through the large pinhole structure is the sum of (i) 
the charge transfer resistance at the gold-pinhole interface (Rct1pinhole), which now represents 
the energy barrier to charge transfer between the exposed gold sites and the ionic/neutral 
charge exchanging electrolyte constituents, plus (ii) the resistance to the transport of these 
electrolyte species through the pinhole (Rpinhole) (Figure 2.1d).  The hydrocarbon structure of 
the monolayer phase is described by the charge transport resistance Rmonolayer and the 
monolayer-electrolyte interface adjacent to the alkane structure retains its respective resistive 
(Rct2monolayer) and capacitive (CStern) impedance components as before.   
The mechanism of charge transport within an ideal-defect free monolayer film is most 
likely going to involve electron transport along the alkane structure.  The alternative path for 
charge flow in a defect free monolayer film requires the generation of a free electron by the 
ionization of charged/neutral electrolyte species at the inner or outer Helmholtz planes, 
transport of the free electron through a pinhole defect, and transfer of the electron across an 
energy barrier on the order of 5.4 eV at the gold-pinhole interface.  This alternative current 
path is more energy intensive than the transport of electrons along the alkane chain since the 
ionization process alone requires energy on the order of a five to ten electron volts.  Thus, the 
charge transport mechanism in a monolayer film involves two possible alternatives: (1) 
transport of electronic charge along the alkane backbone of the monolayer phase, and (2) 
penetration of charge donating/accepting electrolyte species within pinhole defects in the 
monolayer film.  The possibility of substantial charged/neutral electrolyte species penetration 
within the monolayer phase is significantly diminished if a suitably “smooth” gold substrate 
is chosen.  The hypothesis that electron transport across the alkane phase dominates charge 
flow through the gold-monolayer-electrolyte system is further supported by the observation 
 34
that the functional end groups have a significant influence on the measured transport barrier.  
In the limit of large pinholes, the effect of the bounding alkane chains and their terminating 
groups on the transport of electron donating/accepting electrolyte species should be weak, 
which is contrary to the results presented in Chapter 3. 
The representation of experimental gold-monolayer-electrolyte systems as equivalent 
circuits, where the various limiting energy barriers are modeled as linear resistances, 
presupposes that the barrier height is independent of the monolayer electric field or the 
applied potential.  Since the various energy barriers in both ideal and non-ideal gold-
monolayer-electrolyte systems contain an electrostatic potential energy contribution due to 
operating Coulombic forces, the assumption that the charge transport and transfer barriers are 
independent of applied field is questionable.  The resistors in Figures 2.1b and 2.1d can be 
replaced by non-linear circuit elements like diodes or switches that might better represent the 
non-linear potential dependent behavior of the limiting barriers in a gold-monolayer-
electrolyte system.  However, these elements again assume apriori the functional relationship 
between the barrier height and the applied potential, whereas the actual mechanism by which 
electronic or ionic charge is transported through the monolayer film is unknown.  Thus, a 
method for the analysis of charge transport in gold-monolayer-electrolyte systems from 
impedance data must develop a mechanistic description of the process, rather than appeal to a 
pre-determined mechanism by representing the various energy barriers by circuit elements. 
Another issue with the equivalent circuits in Figures 2.1b and 2.1d is that they are 
comprised of a large number of circuit elements.  Thus, the best fit for the observed 
impedance spectrum of the gold-monolayer-electrolyte system that is obtained by using the 
frequency response of these equivalent circuits would involve a large number of parameters.  
The impedance response of the gold-monolayer-electrolyte system shown in Figure 1.2 can 
be fit to a reasonable degree of accuracy by a third order polynomial with respect to 
frequency.  Thus, a minimum of three parameters are required to fit the impedance spectrum 
of the system adequately.  Since the circuit models in Figures 2.1b and 2.1d involve eight and 
seven parameters respectively the numerical fit for the entire parameter set is likely to be 
non-unique.  An implicit danger in most iterative optimization algorithms used for this 
purpose is that the final solution obtained is a strong function of the initial choice of values.  
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Therefore, an alternative approach to fit observed impedance values of the gold-monolayer-
electrolyte system to a mechanistic description of the charge transfer process is justified, as 
that will greatly reduce ambiguity in the interpretation of the current and potential 
observables in an EIS experiment. 
 
2.3 Constitutive Admittance of Monolayer-Modified Gold Electrode 
The gold-monolayer-electrolyte system under consideration (Figure 2.2a) is modeled as 
two interfaces at x = 0 and x = –β, bounding a hydrocarbon monolayer phase in between 
(Figure 2.33b).  This monolayer phase has an absolute dielectric permittivity ε (~2.25 ε0, 
where ε0 = 8.854*10
-12 Nm2/C2)20 and a free charge density, ρ.  This free charge can be 
transported through this phase due to an electric potential or chemical potential gradient.  The 
parameters defining electric field-driven or concentration gradient-driven transport are the 
mobility, μ, and diffusivity, D, respectively. 
 
Figure 2.2.  (a) Schematic of the double layer structure at the surface of a monolayer modified gold 
electrode in contact with an aqueous electrolyte solution.  (b) Electrostatic model of the double layer 
structure shown in (a), as used in this work.  The inner and outer Helmholtz planes are collapsed to form 
a single Stern plane with a surface charge density φStern.  The potential difference across the Stern plane 
is given by φIHP – φOHP. 
The interfaces x = 0 and x = –β that bound the hydrocarbon phase are defined as planes with 
associated surface charge densities as in the model in Figure 2.2b, although each interface 
plane has a finite thickness.  The surface charge density at the metal monolayer interface, σM, 
exists within a finite skin depth (δ ~ 0.144 nm) from the surface of the gold electrode.21  
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Similarly, the total charge at the Stern layer is smeared out over the region between the inner 
and outer Helmholtz planes that are separated by a distance comparable to an ionic radius of 
the relevant cation or anion (Figure 2.2a).22  Since the skin depth at the gold surface and the 
width of the Stern layer are about an order of magnitude smaller than the length of the 
hydrocarbon backbone, the gold-monolayer and monolayer-electrolyte interfaces can be 
approximated as well-defined surfaces, rather than layers of a certain thickness.  The diffuse 
part of the double layer extends beyond the outer Helmholtz plane.  In the limit when the 
current density in the system is small, the equilibrium distribution of ions in this diffuse layer 
can be described by the classic Poisson-Boltzmann (PB) theory.22 
Here, the gold-monolayer-electrolyte system is treated as a leaking parallel plate 
capacitor, where the two plates of the capacitor are defined by the gold-monolayer and the 
monolayer-electrolyte interfaces (Figure 2.2b).  A potential is applied to the monolayer 
modified gold surface (working electrode) with respect to a reference in the bulk electrolyte 
solution, where this bias drops across the leaky capacitor and the neighboring diffuse layer 
resulting in a net flow of charge between the reference and working electrode.  At steady 
state, the current density in the monolayer region is equal to net current density in the system.  
The constitutive equation describing the current density in the monolayer phase can be given 
as23 
 J = σ E − D ∂ρ
∂x
+ ε
∂E
∂t
, (2.1) 
where σ is the conductivity of the alkane region, E is the resultant local electric field in the 
monolayer and ρ is the free charge density in the hydrocarbon phase.  The quantities μ, D, 
and ε are the mobility and diffusivity of the charge carriers and the dielectric permittivity in 
the monolayer phase, respectively.  The conductivity can be rewritten as σ = μ  ρ, thus 
redefining the conductive current as ρ υdrift where the drift velocity of the charge carriers is 
defined as υdrift = μ  E.12  Later, this linear dependence of υdrift on E, referred to as the 
Helmholtz-Smoluchowski approximation, will be justified.  Note that Equation 2.1 is not 
restricted to any specific mechanism of charge transport within the monolayer phase; it is 
equally applicable to the case when charge is transported via ion migration through pinhole 
defects or when charge flow is due to electron flow through the alkane phase of the 
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monolayer film.  Since the charge transfer process between the gold Fermi level and the 
electron donating/accepting electrolyte species is non-adiabatic due to the intervening 
monolayer film, the description of the observed current density as a charge flux though the 
monolayer film in equation (2.1) is expected to hold over a substantial part of the potential 
range of interest.  This assumption breaks down when wave-like properties of the transported 
electronic charge begin to manifest themselves, or where the observed current density is 
limited by the rate at which the dielectric acquires a favorable non-equilibrium conformation 
to facilitate charge transfer i.e. when the charge transfer reaction becomes adiabatic.  The 
potential regimes where these exceptions occur are described elsewhere in detail (Chapter 4).  
Thus, for most of the potential range of interest, neither a description of the reaction kinetics 
of the actual electron transfer at the monolayer-electrolyte interface nor the precise identity 
of the species participating in the interface reaction are required when Equation 2.1 is used to 
describe charge transfer in these electrochemical systems.  Equation 2.1 when transformed 
into frequency space yields 
 J(ω) = μ ρ(ω)E (ω) − D ∂ρ(ω)
∂x
+ iωε E(ω) . (2.2) 
The properties of the monolayer region, namely μ, D, and ε, are assumed to be frequency 
independent in Equation 2.2.  The assumption that the properties of the monolayer phase are 
independent of frequency and the assumption of the existence of quasi-steady state 
conditions limits the use of Equation 2.2 to low frequencies ( ).  Differentiating 
Equation 2.2 with respect to the applied potential bias (ϕM) gives a constitutive expression 
for the total admittance of the system, resulting in 
2/ βω D<
 Ysys (ω) = Ysys
Re + iYsys
Im
=
∂J(ω)
∂ϕM
=
∂
∂ϕM
(μ ρ E − D ∂ρ
∂x
) + iω ∂
∂ϕM
(ε E) . (2.3) 
Because none of the physical properties of the system are frequency dependent, the real and 
imaginary parts in Equation 2.3 can be separated out, such that 
 Ysys
Re
=
∂
∂ϕM
μ ρ E − D ∂ρ
∂x
⎛
⎝⎜
⎞
⎠⎟ , (2.4a) 
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and 
Ysys
Im
ω
=
∂
∂ϕM
(ε E) . (2.4b) 
The admittance of the system can be derived from the observed impedance data as the 
reciprocal of the impedance after discounting for the IR drop in the bulk electrolyte solution.  
The solution resistance (Rs) needed to calculate the IR drop is obtained from the high 
frequency intercept of the Nyquist plot at the real axis.23  Therefore, the real and imaginary 
parts of the system admittance are given by 
 2Im2Re
Re
Re
)()(
)(
sysssys
ssys
sys ZRZ
RZ
Y
+−
−
= , (2.5a) 
and 2Im2Re
Im
Im
)()( sysssys
sys
sys ZRZ
Z
Y
+−
−
= . (2.5b) 
Integrating Equations 2.4a and 2.4b with respect to the applied potential ϕM yields 
 Ysys
Re ∂ϕM
0
V∫ + IV = 0 = μ ρ E − D ∂ρ∂x , (2.6a) 
and 
Ysys
Im
ω
∂ϕM
0
V∫ + QPZF →0 = ε E . (2.6b) 
The integration constants IV=0 and QPZFÆ0 are the measured DC current and the amount of 
charge stored on the gold surface at zero applied bias.  The transport parameters (μ, D) and 
dielectric permittivity (ε) are assumed to be independent of the resultant electric field in the 
monolayer phase thereby making the problem analytically tractable.  For a specific value of 
applied DC potential (ϕM = V), the local electric field in the monolayer (E) can be obtained 
from (2.6b), and this value of E is an input into the first order differential equation in (2.6a), 
which can be used to calculate ρ.  Equation 2.6b implies that the product ε E is independent 
of position.  If the dielectric permittivity for the monolayer phase is a constant, this would 
suggest that the local electric field E is invariate with position in the monolayer phase.  This 
observation will be analyzed in greater detail in Section 2.5.  The parameters E and ρ are 
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dependent on the integrated path in potential space, and this path is uniquely determined by 
the admittance of that particular gold-monolayer-electrolyte system. 
An important outcome of this analysis is the determination of the Potential of Zero Field 
(PZF), which denotes a specific value of potential at which the resultant electric field in the 
system goes to zero.  This point is proposed to be unique to the particular gold-monolayer-
electrolyte system under investigation and, like the concept of the potential of zero charge,22 
only one such point can exist in the potential spectrum.24  Since the electric field in the 
monolayer phase reduces to zero at the PZF, the gradient of electrostatic potential extends 
over a very large length scale in the gold-monolayer-electrolyte system (i.e. ∞→∂∂ EM /ϕ ).  
Thus, the PZF corresponds to the potential at which 0/ M =∂∂ ϕE , and the electric field at this 
point is set to zero at that potential.  All gold-monolayer-electrolyte systems that were 
investigated did not exhibit any local maxima/minima.  The monotonic variation of the 
electric field with potential away from the PZF supports the hypothesis that the PZF is a 
unique characteristic of a particular electrochemical system.  Note, however, that even 
though the conductive current is zero at the PZF, a diffusive contribution to the total current 
still exists. 
The first order differential equation in Equation 2.6a can be integrated and solved for ρ, 
once E is calculated from Equation 2.6b.  The solution is contingent upon knowing the 
appropriate boundary condition either at x = 0 or x = –β.  A significant potential energy barrier 
to charge transfer, either at x = 0 and x = –β, give rise to a large intrinsic electric field at these 
locations, which results in a discontinuity in the charge density at each interface.  Therefore, 
the value of ρ at x = –β + ζ or at x = 0 – ζ (ζ > 0; ζ Æ 0) would then be unknown.  However, in 
the limiting case, when the gold-monolayer interface behaves as an Ohmic contact without a 
significant potential energy barrier and the electric field in the monolayer film is independent 
of the location within the monolayer film, the boundary condition becomes 
 δ
σβρ Mx =−= )( , (2.7) 
where the term δ is the skin depth of the gold surface (~ 0.144nm) 21 over which the metal 
surface charge density, σM, occurs, which can be estimated from the electric field as shown in 
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the next section.  Note that the assumption of the gold-monolayer interface barrier being 
negligible appears only in the evaluation of ρ.  Therefore, the boundary condition (2.7) is 
applicable for the case when the underlying gold substrate is sufficiently smooth, such that 
the pinhole contribution to the observed current density can be ignored.  The calculation of 
the electric field in the monolayer, on the other hand, relies only on the assumption that 
quasi-steady state conditions prevail with respect to the excitation frequency, ω. 
 
2.4 Ohmic Nature of Monolayer-Electrode Interface 
One of the three free energy barriers to the charge flow process through the alkane 
structure of a monolayer film is the electrostatic energy barrier for electron exchange 
between the gold Fermi level and the LUMO of the monolayer phase, as discussed in Section 
2.2.  This barrier is hypothesized to be negligible in comparison to the transport barrier in the 
alkane phase and the charge exchange energy barrier at the monolayer-electrolyte interface.  
A qualitative justification was advanced to support this assertion in Section 2.2. The 
polarization induced in the monolayer film due to the surface charge density at the Stern 
layer and the charged diffuse layer reduces the effective barrier height that exists at the gold-
monolayer interface.  This hypothesis is supported below with the aid of the leaky capacitor 
model of the gold-monolayer-electrolyte system introduced before (Figure 2.3a). 
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 Figure 2.3.  (a) Electrostatic model for the gold-monolayer-electrolyte system.  Calculation of 
polarization fields due to (b) metal-monolayer and (c) monolayer-electrolyte surface charge densities 
involves the independent solution of two electrostatic problems with appropriate Neumann boundary 
conditions that can be linearly superposed to get the original system in (a). 
The effect of induced polarization on the gold-monolayer interface barrier is 
determined by the microscopic electric field experienced by an electron at that location.  For 
a continuous dielectric medium, this field is given by25 
 )()()()( xExExExE nearmacro
near
micro −+= . (2.8) 
 42
Here )(xE  is the averaged macroscopic field or the observed field, and )(xE
near
 and 
)(xE nearmacro  are the microscopic and macroscopic contributions to the electric field from the 
immediate neighborhood of the point x at the gold-monolayer interface where the electric 
field is evaluated.  The size of the neighborhood that defines the “near” region (r) in (2.8) is 
much smaller than the characteristic wavelength of the macroscopic fields (λΜ), but is much 
larger than the molecular dimension of the system (a) i.e. λΜ >> r >> a.26  Since the monolayer 
film consists only of a few methylene units in width, the charge densities at the metal-
monolayer and monolayer-electrolyte interface both contribute to the nearfield component of 
the macroscopic electric field through the resulting polarization densities in the alkane 
structure.  Thus, for a planar geometric configuration, as depicted by the capacitor model, the 
macroscopic contribution to the electric field at the gold-monolayer interface from the 
immediate neighborhood is given by21, 27 
 
o
EMnear
macro
xPxPxE
ε
)()()( −−= , (2.9) 
where )(xP M  and )(xP E  are the polarization densities induced by the surface charge at the 
gold-monolayer interface and the monolayer-electrolyte interface respectively, and oε  is the 
dielectric permittivity of vacuum.  The microscopic contribution to the electric field from the 
neighboring medium is negligible, by symmetry arguments, for the case when the dielectric 
has a semi-crystalline structure and therefore, E
near
(x)= 0 .21  The polarization due to the 
metal surface charge is evaluated from the application of Gauss’s law to the thin film 
electrostatic model in Figure 2.3b, where the finite charge size assumption (Section 2.5)28 for 
the thin film structure gives 
 
o
M
M
M PxE
εε
σ
−==)( . (2.10) 
Here, Mσ  is the surface charge density at the metal-monolayer.  Therefore, substituting 
Equations (2.9) and (2.10) in (2.8) yields, 
o
Emonolayer
micro
xPxE
ε
)()( = . (2.11)  
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The microscopic electric field calculated from (2.11) applies to the continuous alkane phase 
of the dielectric medium.  However, the alkane backbone of the monolayer film is linked to 
the gold bonded thiol moiety at the gold-monolayer interface and to the functional group 
centered on the inner Helmholtz plane.  Therefore, an electron at these locations experiences 
not just the local electric field due to the polarized dielectric medium as evaluated from 
Equation 2.11 but also the microscopic field that results due to the phases adjacent to the 
alkane backbone, namely the gold electrode and the Stern layer respectively.  In either case, 
the microscopic contribution due to the neighboring phases is described by (2.8), where the 
)(xE nearmacro  component that exists due to charges or polarization density in the immediate 
vicinity of x would be negligible since both the metal phase and the medium between the 
inner and outer Helmholtz planes contain negligible free and bound charge density.  Thus, 
 )()( xExE metalmicro = , (2.12a) 
and )()( xExE Sternmicro = . (2.12b) 
The contribution due to the polarization induced by the Stern layer surface charge density is 
already accounted for in (2.11) and, therefore, is not considered in the evaluation of the 
microscopic electric field for the Stern layer ( )(xE Sternmicro ).  The induced polarization due to 
the surface charge density at the monolayer-electrolyte interface ( )(xP E ) is evaluated from 
the application of Gauss’ law to the electrostatic model of the monolayer-electrolyte interface 
in Figure 2.3c yielding 
 PE (x)
εo
=
σ Stern −εo E
diff
(x)
εo
=
σ Stern
εo
1− εo
εd
⎛
⎝⎜
⎞
⎠⎟ , (2.13) 
where dε  is the dielectric permittivity of the diffuse part of the double layer and σStern is the 
surface charge density at the monolayer-electrolyte interface.  Therefore, the microscopic 
electric field experienced by an electron in the monolayer film is given by 
 Emicro
monolayer
(x) = PE (x)
εo
=
σ Stern
εo
1− εo
εd
⎛
⎝⎜
⎞
⎠⎟ . (2.14) 
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For anodic potentials, where σStern < 0 , the microscopic electric field in the monolayer, as 
calculated from (2.14), is comparable to the macroscopic field in magnitude ( MME εσ /= ) 
but directed away from the monolayer-electrolyte interface.  Similarly for cathodic 
potentials, the microscopic field is on the order of the observed electric field but directed 
opposite to the averaged macroscopic field and towards the monolayer electrolyte interface.  
Therefore, the net microscopic electric fields experienced by an electron at the gold-
monolayer ( metalmicromonolayermicro EE +~ ) and monolayer-functional group interface 
( Sternmicromonolayermicro EE +~ ) are both negligible.  Consequently, there is no large abrupt 
change in the microscopic potential at these interfaces.  Hence, the metal-monolayer and 
monolayer-functional group contacts for all gold-monolayer-electrolyte systems are Ohmic 
in charge injection behavior because of barrier lowering by electrolyte polarization.  There is, 
however, a barrier to charge transfer at the functional group-electrolyte interface, which 
constitutes the charge transfer barrier at the monolayer-electrolyte interface. 
 
2.5 Finite Charge Size Approximation 
Gauss’ law relates the net electric field (E) to the volume free charge density (ρ) in the 
monolayer phase, such that 
 ∂(ε E)
∂x
= ρ + ρb . (2.15) 
Integrating this expression from x = –β to some general point x within the monolayer 
phase yields 
 . (2.16) ε E = (ρ + ρb ) dx
−β
x∫ +σ M
Equation (2.16) gives a pseudo monolayer surface charge density (ε E) that varies with 
position in the monolayer film.  However, a spatially varying monolayer surface charge 
density is clearly at odds with Equation 2.6b and violates the principle of charge conservation 
under the quasi-steady state assumption.  Here charge conservation is maintained by treating 
the charges in the monolayer phase as discrete entities where each charge excludes the others 
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from its immediate neighborhood by Coulomb repulsion.  The discrete nature of charge 
carriers is modeled using a cut-off sphere approach as previously used by Levine et al., in 
which each charge is surrounded by an exclusion sphere of radius R such that the charge 
density is non-zero only outside this sphere.29, 30  Barlow et al. provided an estimate for the 
value of R by assuming that charges mimicked the packing arrangement of the underlying 
substrate and organized themselves into a lattice-like structure in the lateral (y-z) plane.31  As 
per their calculations, 
 , (2.17) R = 4.301 ⋅10
−7 (1 / σ a )
1/2
where R is in centimeters and σa is the charge density in the lateral plane in μC/cm
2.  In the 
limit of a perfect monolayer structure where every alkane chain hosts a unit free or bound 
charge, the radius of the exclusion sphere R is 3Ǻ.  Thus, a charge in the monolayer phase 
has very few neighbors in the x direction when the thickness of the film is only a couple of 
nanometers.  The electric field “seen” by this charge is determined primarily by the surface 
charge density at the gold-monolayer interface.  Thus, by setting ρ ~ 0, equation (2.16) can be 
rewritten as 
 ε E = σ M . (2.18) 
Expression (2.18) assumes that the gold phase lacks a significant intrinsic electric field as a 
result of an intrinsic potential energy barrier to charge transfer which arises due to a 
difference between the bulk and surface gold Fermi levels.  The validity of the assumption 
underlying (2.18), namely that the charges are discrete entities, can be tested by checking to 
see if equation (2.18) violates the principle of charge conservation.  Charge conservation in 
1-D requires that 
 ∂J
∂x
=
∂
∂x
μ ρ E − D ∂ρ
∂x
⎛
⎝⎜
⎞
⎠⎟+ iω
∂
∂x
(ε E) = 0 . (2.19) 
At steady state, the DC component of the total current would be invariant with x, and 
therefore 
 ∂
∂x
(ε E) = 0 . (2.20) 
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Thus, equation (2.18) obeys overall charge continuity, and is a convenient tool for the 
evaluation of σM. 
 
2.6 Estimation of Charge Mobility and Diffusivity 
The solutions to equations (2.6a) and (2.6b) are possible only if the transport properties of 
charge carriers in the monolayer phase (μ, D) are known.  A few papers have reported on the 
low-field conductivity values of alkanethiol monolayers sandwiched between two metal 
junctions.32, 33  However, the variation of alkane chain conductivity over a wider range of 
applied electric fields has not been described before.  The topic of thermal diffusion of 
charge carriers through the monolayer phase of a gold-monolayer-electrolyte system also has 
not been dealt with quantitatively.  Here, the charge mobility and diffusivity in the monolayer 
phase are estimated at the order-of-magnitude level using a scaling analysis.  The constitutive 
charge transport Equation 2.1 is split into its real and imaginary components and non-
dimensionalized to yield 
 
x
E
D
XEJ
D
XJ oDC
o
o
∂
∂
−⎟⎠
⎞⎜⎝
⎛
=⎟⎟⎠
⎞
⎜⎜⎝
⎛ ρρμ
ρ
, (2.21a) 
and EQ
E
Q AC
o
o
=⎟⎟⎠
⎞
⎜⎜⎝
⎛
ε
. (2.21b) 
The quantities JDC, QAC, E, ρ and x are the non-dimensional DC current, gold surface charge 
density, electric field, monolayer free charge density and length respectively; Jo, Qo, Eo, ρo 
and X are their characteristic scaling parameters, respectively.  The quantities μ, D and ε are 
the mobility and diffusivity of the charge carriers and the dielectric permittivity in the 
monolayer phase respectively.  The scaling parameters are chosen such that the non-
dimensional values vary between 0 and 1.  Thus, 
 Jo = max Ysys
Re ∂ϕβ
0
V∫ + IV =0⎛⎝⎜
⎞
⎠⎟ , (2.22a) 
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and Qo = max
Ysys
Im
ω
∂ϕβ
0
V∫ +QPZC→0⎛⎝⎜⎜
⎞
⎠
⎟⎟ . (2.22b) 
The value of Eo can then be evaluated from equation (2.21b), as the quantity between 
brackets on the left hand side must be of order 1 for the equality to hold.  The non-
dimensional number DXEo /μ  in equation (2.21a) is a measure of the relative strength of 
the conduction to the diffusion current.  At large electric fields (~ Eo) and at room 
temperatures (kT ~ 25meV), the two mechanisms of charge transfer are expected to contribute 
equally to the total current.  For weaker electric fields (<< Eo), diffusion currents are expected 
to dominate and the non-dimensional ratio will be much less than one.  The characteristic 
scale for the volume charge density in the monolayer can be obtained by non-
dimensionalizing Gauss’ law, giving 
 
x
E
X
E
o
o
∂
∂
⎟⎟⎠
⎞
⎜⎜⎝
⎛
=
ρ
ερ . (2.23) 
As in equation (2.21b), ρo must be equal to ε Eo / X for the equality to hold.  Substituting this 
expression for ρo into equation (14a) provides order-of-magnitude estimates for the 
diffusivity, D, and charge mobility, μ, in the monolayer phase 
 
o
o
E
XJD
ε
2
~ , (2.24a) 
and 2~
o
o
E
XJ
ε
μ . (2.24b) 
The values of Jo and Eo can be evaluated from (2.22a) and (2.22b) respectively, and the 
length scaling parameter, X, is considered comparable to the monolayer film thickness, β.  
The choice of the monolayer film thickness β as the length scaling parameter is justified 
elsewhere, where the different mechanisms of charge conduction are discussed in detail 
(Chapter 4).34  The diffusivity and mobility calculated using this method are 10-17 (m2/s) and 
10-18 (S·m2/C) respectively.  Now, the average conductivity of the monolayer film (σcond) in 
the Helmholtz-Smoluchowski limit is defined as 
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 σ cond =
μ
β ρ(x) dx
−β
0∫ . (2.25) 
In the low field limit, the conductivity is independent of the thickness of the monolayer 
(Figure 2.4) and is on the order of 10-13 S/m.   
 
Figure 2.4.  Low field monolayer conductivity for methyl functionalized monolayer films with varying 
number of methylene units in the alkane backbone.  The electrolyte is a 10 mM phosphate buffer 
solution maintained at pH 8. 
This result compares very well with reported low-field conductivity values of alkanethiol 
monolayers bridging two metal junctions (~ 10-15 S/cm)32, 33, thus indicating that the scaling 
approach used here to evaluate the mobility and diffusivity of charge carriers in the 
monolayer phase is accurate in at least one asymptotic limit.  The close correspondence 
between the calculated low-field conductivity in this chapter and the reported values for the 
conductivity of an alkane film indicates that charge flow through the system is primarily due 
to the transport of electrons through the alkane phase and is not affected by the transport of 
ions through pinholes, particularly since the scaling analysis for the calculation of charge 
mobility, μ, does not apriori define a specific mechanism of charge transport within the 
monolayer structure.  The scaling methodology described here also demonstrates the 
applicability of the constitutive form of the conduction current chosen here.  An expression 
for the conductive current of the form  where n > 1, results in a value of 
the charge mobility that is significantly smaller than 10-17 (m2/s).  The conductivity 
calculated from this value of mobility will be in poor agreement with the reported low-field 
n
cond EEJ ρμσ ==
 49
conductivity of the alkane films.  In summary, recording low frequency admittance as a 
function of the DC bias at the working electrode enables the calculation of parameters (ρ, E) 
from Equations 2.6a and 2.6b that characterize charge transport within the monolayer. 
 
2.7 Calculation of Static Surface Charge Density 
The surface charge density at the Stern layer is calculated from the principle of charge 
neutrality i.e. 
 ))1(1( )/(2
0
kTez
OHPOHPDL
MStern
OHPe
ez
kT
ezD
JkTdx ϕ
β ϕϕκ
ρσσ −
−
−−+−−= ∫ , (2.26) 
where the terms Mσ and )(xρ  define the charge density at the gold surface and the free 
charge density within the monolayer as before.  The bound charges in the system sum to 
zero, and hence do not appear in the above equation.  The third term on the right hand side of 
(2.26) is the total steady-state surface charge density associated with the diffuse layer.  Thus, 
the Stern layer charge density can be determined if Mσ  and OHPϕ  are known. 
At steady state, the current density through the diffuse layer is equal to the net current 
density in the gold-monolayer-electrolyte system. 
 
x
DEJ DLDLDL ∂
∂
−=
ρρμ , (2.27) 
where μDL, DDL, ρ and EDL are the mobility and diffusivity of the ionic charges, and the ionic 
charge density and the electric field in the diffuse layer respectively.  The charge density and 
the electric field in the diffuse layer fall off to zero within a specified distance from the 
monolayer-electrolyte interface, and this distance is assumed to be comparable to the Debye 
length scale ( κ/1 ) from the classical PB distribution. 
 
kT
nez
DL
o
εκ
2221
= , (2.28) 
where εDL is the dielectric permittivity of the diffuse layer (~80*8.854*10-12 Nm2/C); z is the 
electrolyte ion valence and no is the bulk number density of ions in the electrolyte.  As is 
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evident, this length scale is proportional to no1/2, and for the range of bulk electrolyte 
concentrations considered here (1 to 100mM) the length scale varies between 10-8 and 10-9 
m.  This distance is comparable to the width of the monolayer phase, and the cut-off sphere 
approximation of Levine et al.29-31 should apply here as well i.e. 
 0)( =
∂
∂
x
EDLDLε . (2.29) 
If the x dependence of the dielectric permittivity of the diffuse layer is ignored, equation 
(2.29) describes a linear variation of potential in the diffuse layer such that φOHP defines the 
potential at the location x=0 
 )1()( xx OHP κϕϕ −= . (2.30) 
Equation (2.27) is simplified by multiplying the LHS and RHS by an integrating factor 
 )( )/()/( DLDLDLDL DD
DL
e
x
e
D
J ϕμϕμ ρ
∂
∂
=− . (2.31) 
Note that Equation 2.31 reduces the classical Poisson Boltzmann form in the limit that 
 and0→J kTzeDDLDL // →μ .  Conversely, if DLDLD μϕ /<<  the diffuse layer can be 
described by the equilibrium P.B. distribution even if there is a finite current density in the 
system. 
Assumption (2.30) is used to integrate (2.31) with respect to the position coordinate x 
within the limits  to 0=x κ/1=x  to yield 
 )1()( / DLDL D
OHPDL
eJx ϕμ
ϕκμ
ρ −−= . (2.32) 
The form of the steady-state charge density )(xρ  in the diffuse layer is almost identical to 
the equilibrium P.B. expression for the excess charge in the diffuse layer shown in (2.33) and 
varies only in the constant of integration. 
 . (2.33) )1()( / kTzebulk
excess
PB ex
ϕρρ −−=
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The surface charge density in the diffuse layer is obtained by integrating (2.32) with respect 
to x 
 ))1(1( /2
/1
0
DLOHPDL D
OHPDL
DL
OHPDL
eDJdx ϕμ
κ
ϕμϕμκ
ρ −−−=∫ . (2.34) 
The diffuse layer can be assumed to exist at equilibrium while describing the steady state 
behavior of charge densities within the diffuse layer based on the quantitative similarities 
between (2.32) and (2.33).  One of the consequences of equilibrium within the diffuse layer 
is that the Einstein relation12 between charge mobility and diffusivity is expected to hold. 
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Substituting from (2.35) into (2.34) 
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The validity of the assumption that the diffuse layer is in thermal equilibrium when at steady 
state can be verified by comparing the characteristic electric field in the diffuse layer due to 
the applied potential with the field due to the thermal potential.  The characteristic electric 
field is obtained by non-dimensionalizing the charge transport equation and Gauss’ law: 
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Quantities subscripted with an “o” represent the characteristic scaling quantities for the 
corresponding physical variables.  The characteristic electric field due to the applied potential 
in the diffuse layer (EoDL) can be obtained from the characteristic current density (JoDL), ion 
mobility (μDL) and dielectric permittivity (εDL) using the same scaling arguments as before 
(Section 2.6) 
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The characteristic potential at the OHP ( OHPϕ ) is then given by 
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. (2.39) 
Substituting the values for JoDL, μDL, εDL and κ yields EoDL ~ 104 V/m and φo ~ 10-5 V.  On the 
other hand, the thermal field ( ekTET /~ κ ) and thermal potential ( ekTT /=ϕ ) are on the 
order of 108 V/m and 2.5*10-2 V respectively.  Thermal effects definitely dominate over 
effects induced by an applied potential within a diffuse layer at steady state. 
The contribution of the diffuse layer to the surface charge density at the Stern plane is 
inversely dependent on the potential at the OHP and becomes increasingly significant for 
smaller values of OHPϕ .  An order of magnitude estimate for the maximum value of the 
diffuse layer surface charge density yields 
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. (2.40) 
This term would be comparable with Qo from (2.22b) when OHPϕ  < 10-9 V.  However, the 
characteristic value of potential at the OHP (φo) that is observed at the maximum electric 
field in the diffuse layer (EoDL) is larger by four orders of magnitude.  Thus, the diffuse layer 
contribution to Sternσ  can be ignored at applied potentials sufficiently greater than the PZF, 
i.e. ekT />VPZFM −ϕ .  This inequality merely indicates that when the electric field in the 
monolayer is large enough to enable charge transport through the alkane phase, Sternσ  is a 
stronger function of the applied potential than of the thermal potential operating at the OHP.  
Conversely, near the PZF, where the electric field in the monolayer is very small and thermal 
effects at the OHP are stronger than the influence of the applied potential at the Stern layer, 
the diffuse layer may contribute equally or more than the metal and monolayer surface 
charge densities to Sternσ .  For the purpose of calculating the Stern layer charge density, the 
 53
contribution from the diffuse layer is ignored.  This assumption is expected to hold for a 
large subset of the experimental data except in the vicinity of the PZF as discussed above. 
 
2.8. Conclusions 
A mathematical model was derived here to better understand the charge transfer 
characteristics of a gold-monolayer-electrolyte system for the specific case where the 
electrolyte does not contain any redox active ions.  The method described here utilizes a 
constitutive charge transport equation to calculate the free charge density and electric field 
within the monolayer film from experimental low frequency impedance data.  With the 
development of the mechanistic description of charge transport, phenomenological linear 
circuit analyses need no longer be used to model the non-linear current-potential behavior of 
gold-monolayer-electrolyte systems.  The application of the charge transport equation to 
describe the charge flux through these electrochemical systems does not require a detailed 
explanation of the kinetics of the charge transfer that occurs at the monolayer-electrolyte 
interface between the monolayer functional group and the donor/acceptor electrolyte 
constituents.  The analytical methodology described here also does not rely on the evaluation 
of complex quantum mechanical transfer integrals.   
A scaling analysis to estimate the unknown charge mobility and diffusivity within the 
monolayer is also outlined.  The results for average monolayer conductivity with vanishing 
monolayer electric field, calculated from the estimated mobility agree well with published 
data.  The agreement between the average conductivity of the monolayer film and the 
reported low-field conductivity for organic thin films indicates that the primary mechanism 
of charge transport is indeed through the alkane backbone structure of the monolayer phase 
and not through pinhole defects in the monolayer film.   
Fitting the constitutive admittance expression to experimentally obtained admittance data 
for the calculation of the monolayer free charge density requires the specification of surface 
charge density at the gold-monolayer interface as a boundary condition.  An empirical 
argument was advanced to estimate the gold-monolayer surface charge density from the 
monolayer electric field.  The microscopic electrostatic potential energy barrier to charge 
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exchange at the gold-monolayer interface was shown to be relatively insignificant in 
comparison to the free energy barrier at the monolayer-electrolyte interface.  A method to 
calculate the surface charge density at the monolayer-electrolyte interface from the 
experimental impedance data is also presented here that makes use of local charge 
conservation at the gold-monolayer-electrolyte interface. 
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Chapter 3: Electronic Properties of Biased Monolayer Modified Electrode-
Electrolyte Interfaces∗ 
3.1 Introduction 
A methodology to analyze the non-adiabatic charge transfer process in an 
electrochemical gold-monolayer-electrolyte system was proposed in Chapter 2, for the case 
when the electrolyte does not contain redox-active moieties.  The proposed method utilized 
an analytical constitutive expression for the admittance of the gold-monolayer-electrolyte 
system that is a function of physically relevant variables like the monolayer free charge 
density and monolayer electric field.  The derived admittance expression was fit to 
experimentally obtained admittance values to retrieve values for the free charge density in 
the monolayer and monolayer electric field. 
The characterization of leakage currents in electrochemical systems is complicated by the 
lack of information about the species in the electrolyte that couples, albeit weakly, with the 
electronic orbitals of the metallic electrode.  Moreover, the weak orbital-to-orbital coupling 
between the reactants in this particular charge transfer process implies that background 
electrolyte properties and monolayer functional group chemistry have a significant impact on 
the leakage current properties.  Thus, in this chapter two key physiochemical characteristics 
of the system are determined– the built-in electric field within the monolayer and the 
equilibrium chemical potential difference of a charge carrier between the metal and the inner 
Helmholtz plane – that together characterize the electronic properties of the monolayer-
electrolyte interface.  The built-in field and the equilibrium chemical potential difference are 
obtained directly from the admittance data, without appealing either to (a) a specific 
mechanism of charge flux through the gold-monolayer-electrolyte system or to (b) an explicit 
description of the electrolyte species participating in the electron transfer reaction at the 
monolayer-electrolyte interface.  These two physicochemical parameters characterize a 
                                                 
∗ Part of work presented in this chapter has been published in Gupta, C.; Shannon, M. A.; Kenis, P. J. A. 
Journal of Physical Chemistry C 2008, 113, 9375 and in Gupta, C.; Shannon, M. A.; Kenis, P. J. A. Journal of 
Physical Chemistry C 2008, 113, 4687 
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monolayer-electrolyte interface that is at equilibrium with the bulk electrolyte solution, as 
evident from the qualitative description presented in this chapter that highlights the 
difference between charge transfer and charge transport.  The gold-monolayer-electrolyte 
systems display anisotropic current-potential behavior around the Potential of Zero Field 
(PZF).  The existence of a built-in field, a PZF and an equilibrium potential makes the gold-
monolayer-electrolyte system analogous to a Schottky barrier. 
 
3.2 Charge Transport and Transfer 
The gold-monolayer-electrolyte system is modeled as a current leaking parallel plate 
capacitor, where the metal-monolayer interface and the monolayer-electrolyte interface 
constitute the two plates of the capacitor between which the charge is transported.  Although 
each interface is associated with a finite thickness, the length of the alkane backbone in the 
monolayer phase exceeds the width of each interface by at least an order of magnitude and 
therefore, the plates of the capacitor bounding the dielectric medium of the monolayer phase 
can be considered as infinitesimally thin.  The application of a potential bias to the gold 
surface with respect to a reference electrode in the bulk electrolyte solution results in a 
potential drop of magnitude OHPM ϕϕ −  across the capacitor system, where ϕM is the applied 
potential at the surface of the metal and ϕOHP is the electrostatic potential at the outer 
Helmholtz plane.  The resulting steady-state flow of charge through the gold-monolayer-
electrolyte system due to the applied potential is a process that is limited in rate by the 
slowest step and the nature of the rate limiting step in the overall charge transfer process 
depends on the DC potential bias applied to the gold electrode.   
Low frequency phase information in the impedance measurement is a useful guide in 
determining whether charge transport/migration through a medium or charge transfer at a 
particular interface is rate limiting.  The implications of low frequency impedance phase data 
are better understood by comparing the qualitative response of the experimental gold-
monolayer-electrolyte system to that of a solid-state parallel plate capacitor.  As discussed 
above, a gold-monolayer-electrolyte system behaves like a leaking parallel plate capacitor 
that stores charge at the Stern layer, and also allows for charge flow across the dielectric film, 
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either through pinhole defects or by electron transport across the alkane structure (Section 
2.2).  A solid-state capacitor that exhibits a small amount of leakage current at steady state 
has a low frequency phase response slightly greater than –90° and is considered almost ideal.  
Thick dielectric films tend to behave like these “almost ideal” capacitors since the transport 
of charge at steady-state across the medium is limited by the large path length that the charge 
has to traverse.  Therefore, the observed steady-state current density for these thick dielectric 
films is limited by the transport barrier to charge flow.  By analogy, current density and 
impedance values, in the potential regimes where the low frequency impedance response of 
the gold-monolayer-electrolyte system approaches 90°, quantitatively describe features 
related to the transport barrier in the monolayer film (Figure 3.1a). 
 
Figure 3.1.  Schematic illustrating the phase behavior in the impedance response of a gold-monolayer-
electrolyte system to applied potential for (a) a charge transport limited system and (b) a system limited 
by the charge transfer barrier either at the gold-monolayer or the monolayer-electrolyte interfaces. 
However, in the other limit, when the thickness of the dielectric medium between the plates 
of the solid-state parallel plate capacitor becomes infinitesimally small, charge transport 
between the closely spaced plates is no longer rate limiting.  Instead, the observed steady 
state current density in this hypothetical system is characterized by the contact resistance 
between the two plates.  By direct analogy, the potential regime where the experimental gold-
monolayer-electrolyte system exhibits a resistive behavior at low frequencies describes a 
system limited by the barrier to charge transfer at the relevant interface (Figure 3.1b). 
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A reasonably smooth polycrystalline gold surface is used in the following experiments to 
minimize the frequency of pinhole defects in the film, and the roughness in the substrate was 
characterized by a series of electrochemical surface area measurements as reported in Section 
3.3. However, the presence of pinholes in the monolayer film cannot be ruled out 
definitively.1  Since the exact mechanism for charge transport (i.e. ion migration or electron 
transport) is unclear from available information prior to the experiment, a method of 
analyzing the gold-monolayer-electrolyte impedance was developed (Section 2.3) that is 
applicable to any description of the transport process. 
 
3.3 Experimental Details 
3.3.1 Preparation of Monolayer Surfaces: n-Alkyl thiols (CH3(CH2)n-SH, n = 9, 10, 11, 14, 
15, 17), 11-mercaptoundecanoic acid, 16-mercaptohexanoic acid and 11-mercapto-1-
undecanol, all purchased from Sigma Aldrich were dissolved in absolute ethanol (Pharmaco-
Aaper, Shelbyville, KY) at a concentration of 1 mM.  Long alkane chain thiol molecules, like 
1-octadecane thiol (Sigma Aldrich, St. Louis, MO), that were only partially soluble in 
ethanol were dissolved in a 2:3 mixture of toluene (Analytical Grade, Sigma Aldrich, St. 
Louis, MO) and absolute ethanol.  SPR quality glass slides (GenTel Biosciences, Madison, 
WI), coated with evaporated chrome (5 nm) and gold (100 nm) thin films, were washed in a 
heated SC-1 bath (100 ml DI water: 25 ml H2O2: 2 ml NH4OH) and rinsed thoroughly with 
DI water (resistivity 18 MΩ-cm) and ethanol.  The high resistivity of the DI water used here, 
which is comparable with the resistivity of Millipore water, indicates that the water is 
relatively free of metallic and ionic contaminants.  These gold surfaces were left to incubate 
in a parafilm sealed beaker in the respective solutions of thiol molecules for 48 hours in a 
class 1000 cleanroom.  The resulting thiol coated surfaces were rinsed thoroughly with 
ethanol and DI water and blow dried with dry N2 before use.  XPS on the monolayer 
modified surfaces was performed with a Kratos Axis ULTRA X-ray photoelectron 
spectrometer using a Al X-ray source at 225 W and the spectra were compared with 
published data 2, 3 to verify the presence of the monolayer film. 
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3.3.2 Surface area studies: The gold-coated glass slides were cleaned in a hot SC-1 bath as 
before, thoroughly rinsed in DI water and blow dried with dry, inert N2 before use.  The glass 
slides were used as is for the contact angles measurements and the gold oxide reduction 
experiments.  Care was taken to minimize the exposure of the gold surface to the ambient 
prior to the actual experiment.  For the iodine desorption experiment, the gold surface was 
pre-treated with iodine by exposing the slide to 1 mM sodium iodide (Sigma Aldrich, St. 
Louis, MO) in 1 M H2SO4 (99.9%, Sigma Aldrich, St. Louis, MO).  The iodine treated gold 
surface was rinsed with 1 M H2SO4 before running the potential cycle for desorption.  Thiol 
desorption studies were conducted using 1-decane thiol (Sigma Aldrich, St. Louis, MO) 
coated gold surfaces that were prepared as specified. 
3.3.3 Contact angle measurements: The advancing (θA) and receding (θR) contact angles 
were measured using a goniometer (CAM 100, KSV, Finland).  A high speed camera (DMK 
21F04, Imaging Source Inc., Charlotte, NC) was used to visualize the experiments at 30 
frames per second.  The experiments were conducted in a class 10 cleanroom environment at 
a relative humidity of 34%.  Drop shape analysis software (KSV, Finland) was used to 
calculate the wetting angles.  The results for the SC-1 cleaned gold surface are as follows: θA 
= 10º + 3º, θR = 8º + 3º 
3.3.4 Surface Area Measurements: The true surface area of the gold substrate underlying 
the adsorbate is calculated from the total charge exchanged between the gold surface and the 
electrolyte solution in a well-characterized surface reaction.  The surface roughness, r, is then 
estimated by comparing the experimentally determined electrolytic charge with the 
theoretical amount of charge transferred when the reaction proceeds on an ideal flat surface, 
such that 
 r = Atrue
Ageometric
=
Qexp erimental
Qtheoretical
=
Qexp erimental
Ageometric ⋅ σ theoretical
. (3.1) 
The surface reactions considered here involve the chemisorption or desorption of a particular 
species (iodine, oxygen, 1-decane thiol) on the gold substrate, and the theoretical calculation 
of total charge typically involves an assumption about the packing density of the adsorbate 
on the gold surface. 
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Iodine atoms are known to chemisorb on gold in a hexagonal close packed arrangement 
where the average packing density (Γavg) of the atoms is given by4 
Γavg =
1
2 3
 , (3.2) 
rVDW
2 NA
where NA is Avogadro’s constant and rVDW represents the van der Waals radius of the iodine 
atom in the above expression (rVDW ~ 0.215 nm).  The chemisorbed iodine can be anodically 
oxidized to aqueous IO3
– by the application of a potential at the gold surface, such that 
 . (3.3) −+− ++→+ eHIOOHI ads 563 32)(
Thus, the measured surface area of the gold surface is4 
 A = (Q − Qox )
5 F Γavg
. (3.4) 
The charge Q obtained by integrating the iodine oxidation peak (1) in Figure 3.2a is corrected 
for the accompanying gold oxidation charge Qox in peak (2) that is seen in the voltammetric 
scans for both the iodine pre-treated (Figure 3.2a) and clean gold surfaces (Figure 3.2b). 
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 Figure 3.2.  Cyclic voltammograms of (a) an iodine pretreated and (b) a clean polycrystalline gold 
substrate in 1 M H2SO4 solution at a scan rate of 3 mV/s; and (c) a clean polycrystalline gold substrate in 
a 0.5 M phosphate buffer solution maintained at pH 7 for a scan rate of 100 mV/s.  (d) Linear sweep 
voltammogram at 50 mV/s for the reductive desorption of a 1-decanethiol monolayer from polycrystalline 
gold in 0.5 M KOH. 
Gold forms various oxides (Au2O3, Au(OH)3), with different stoichiometric ratios and 
physical properties, at characteristic anodic potentials in a phosphate buffer at pH7.5  Oesch 
et al. calculated the total charge required to completely oxidize the surface of a 
polycrystalline gold substrate to Au2O3 using the fact that the (111) plane has 60% higher 
surface concentration than the (110) plane.6  This theoretical charge density of 723 μC/cm2 is 
compared to the charge obtained by integrating the oxidation peak (1) in Figure 3.2c.  The 
oxide film so formed can be reduced at sufficiently cathodic potentials as 
 . (3.5) −− +→++ OHAueOHOAu 6263 232
Given the bulk density for Au2O3 (ρoxide = 11gm/cm3), Oesch et al. calculated the thickness of 
the oxide film (doxide) as 4.7 nm.6  Thus, from equation (3.5) the theoretical charge per unit 
area required for the reduction of the oxide film can be evaluated as 
 σ red =
6 F ρoxide doxide
Moxide
= 677 μC / cm2 , (3.6) 
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where F and Moxide are Faradays constant and the molecular weight of the oxide film, 
respectively.  The ratio of the charge calculated from Equation 3.6 to the charge obtained by 
the integrating the reduction peak (2) in Figure 4c gives the roughness ratio r. 
Surface roughness can also be estimated by measuring the total electrolytic charge 
exchanged between the gold and the monolayer molecules in the reductive desorption of 1-
decanethiol from the gold substrate.  The desorption of alkane thiol monolayers at cathodic 
potentials proceeds by the following mechanism in a 0.5M aqueous KOH electrolyte,7 where 
 . (3.7) −− +→+ RSAueAuSR )0(
Based on the mechanism described in reaction scheme (3.7), the theoretical amount of charge 
required for desorbing an ideal monolayer film on a (111) single crystal gold surface is 
 
A
e
desorption =σ . (3.8) 
Assuming that the thiol molecules pack ideally in a √3×√3R 30° unit cell at the gold surface, 
the area occupied by one thiol molecule (A) is evaluated to be ~ 21.6 Ǻ2.8  The theoretical 
charge so calculated assumes a single crystal gold surface.  However, a flat polycrystalline 
gold surface with (110) facets mixed with (111) crystal planes would exhibit a lower surface 
area than a substrate that is purely (111).6  Thus, the theoretical charge density at the 
polycrystalline surface is expected to be lower.  The voltammetric scan in Figure 3.2d 
exhibits the characteristic two-peak wave that is associated with desorption of thiol 
molecules from (111) and (110) facets of the polycrystalline surface.9  After subtracting the 
capacitive charging current and baseline correction before peak (2), the charge required for 
monolayer desorption can be estimated by integrating the voltammetric curve between –0.4 
and –1.4 V.  The roughness calculated from the ratio of the measured desorption charge to 
the theoretical charge released at an ideal (111) single crystal gold surface is expected to be 
less than the actual roughness because the theoretical charge density at a polycrystalline 
surface is lower as discussed above. 
The roughness ratios of the polycrystalline gold substrate evaluated from these three 
different electrochemical experiments are listed in Table 3.1.   
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Experimental Technique Roughness Ratio (r) 
Desorption of chemisorbed iodine 1.24 
Oxidation of gold surface to Au2O3 1.15 
Reduction of gold oxide (Au2O3) 1.10 
Reductive desorption of 1-decanethiol monolayer 1.46 
Table 3.1.  Roughness ratios as obtained from multiple experimental techniques. 
The data indicates that the difference between the actual and geometric surface areas is small 
and the substrate can be considered smooth.  The measurements of the advancing (θA = 10º + 
3º) and receding (θR = 8º + 3º) contact angles on the gold surface also display little hysterisis 
indicating that the native gold surface is flat.  However, the process of functionalizing the 
gold surface with the alkane thiol film seems to increase the substrate roughness as indicated 
by the increased area ratio measured from the electrochemical desorption of the film.  The 
electrochemical desorption of thiols from the gold substrate also reveals the dual peak 
voltammetric wave that is indicative of the polycrystalline structure of the underlying 
surface.  However, given that the roughness ratio is close to 1, pinhole defects are assumed to 
play an insignificant role in the transfer of charge between the gold and the electrolyte.  This 
assumption will be reexamined in the discussion of the effect of monolayer thickness and end 
group on the charge transfer process. 
 
3.3.5 Electrochemical instrumentation and measurements: Electrochemical 
measurements were performed using a GAMRY Femtostat (Gamry Instruments, Warminster, 
PA) employing a three electrode cell: the monolayer coated gold surface acted as the working 
electrode, an Ag/AgCl wire in 3 M KCl (Bioanalytical Instruments, West Lafayette, IN) as 
the reference and a gold or platinum wire as the counter electrode.  Platinum was used as the 
counter electrode for all surface area measurements and for a few of the impedance 
experiments.  Gold counter electrodes were used for most of the impedance measurements.  
The effect of the material and diameter of the counter electrode was found to be insignificant 
when impedance experiments with different counter electrodes were compared.  All 
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potentials are reported with respect to the Ag/AgCl reference.  The working electrode was 
clamped in position using a vertical stage such that a constant area of the gold slide was 
immersed in the electrolyte solution.  Electrolyte solutions for the impedance experiments 
were prepared as a ratio of mono and di-hydrogen potassium phosphate salts (ACS reagent 
grade 99.99%, Sigma Aldrich, St. Louis, MO) in DI water (resistivity 18 MΩ-cm) such that 
the total salt concentration and pH of the bulk electrolyte were as desired.  All electrolyte 
solutions were degassed with nitrogen for an hour prior to the experiment.  The potential 
spectrum of the low frequency impedance values was recorded by stepping the DC bias 
through increments of 25 mV over the range of –500 to 500 mV.  The remaining points in the 
spectra plotted here are obtained by a cubic spline interpolation 10 between the recorded data.  
The accuracy of the spline interpolation was verified by reducing the increment size to 5 mV 
in the neighborhood of the PZF obtained from the interpolated curve.  The PZF realized from 
the smaller increments differ from the interpolation result by + 5 mV.  This error includes the 
variance due to composition of the electrolyte, electrode variability and the error due to the 
interpolation curve. 
 
3.4 The Mott-Schottky Barrier Analogy 
Figure 3.3a depicts the absolute value of the electric field in the monolayer phase as a 
function of the applied potential and different bulk electrolyte pH values for a carboxylic acid 
terminated monolayer that is ten sp3 hybridized methylene moieties long (~ 1.4 nm).11, 12  The 
electric field reduces to zero at a characteristic value of the applied potential and is otherwise 
monotonic in behavior at potentials that are more anodic or more cathodic than this 
characteristic potential.  This potential is the Potential of Zero Field (VPZF).  Although 
Equation 2.18 would indicate that the charge on the metal (σM) would also be zero at this 
voltage, this value of potential is not referred to as the Potential of Zero Charge (VPZC).  The 
assumption of finite charge size underlying (2.18) makes VPZF = VPZC, though in reality a 
small difference between the two potential values would arise from the error in the finite 
charge size assumption.  Another characteristic of interest in the gold-monolayer-electrolyte 
system like the PZF is the built-in or residual electric field (Ebi), which is the non-zero value 
of the electric field at zero applied potential (Figure 3.3a). 
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 Figure 3.3.  (a) Monolayer electric field and (b) and (c) net current density are plotted as functions of 
applied potential.  The net current density is depicted is the semi-log plot in (c) to demonstrate the 
existence of the non-equilibrium potential, which is not immediately evident in graph (b).  Note that the 
zero applied bias and equilibrium conditions occur at potentials that are more anodic than the PZF.  For 
all systems, a self-assembled monolayer film of 1-mercaptodecanoic acid on gold is the working 
electrode unless otherwise mentioned.  The electrolyte phase is comprised of 10 mM phosphate buffer 
solutions maintained at different pH values of 4, 6 and 8. 
An electric field of significant magnitude (~108 V/m) that exists in a gold-monolayer-
electrolyte system with no applied bias characterizes the distortion of the HOMO and LUMO 
band profiles at the monolayer-electrolyte interface in the absence of an externally imposed 
field, such that 
 ϕM − ϕ IHP = −ϕ IHP = Ebi β . (3.9) 
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The finite charge size assumption in Equation 2.20 is utilized to postulate a linear potential 
drop for the monolayer phase in Equation 3.9.  Thus, the residual electric field (or the IHP 
potential at zero applied bias) in the system is an electrostatic property intrinsic to a specific 
monolayer-electrolyte interface.  The net current density-voltage characteristics of the 
systems in Figure 3.3a are depicted in Figure 3.3b, and as a semi-log plot in Figure 3.3c.  The 
trends in the current density are anisotropic about VPZF and the rapid increase in current 
density for V < VPZF is clearly visible.  These three properties, namely (a) a built-in electric 
field in the monolayer, (b) the fact that the electric field in the monolayer can be tuned to 
zero with applied potential, and (c) the large increase in current density with applied bias for 
potentials that are more cathodic than the PZF, are common to a gold-monolayer-electrolyte 
system and a solid state Schottky barrier.13-15  As discussed before, both a charge transport 
barrier within the monolayer phase and a barrier to the transfer of charge across the 
monolayer-electrolyte interface limit the flow of charge in a gold-monolayer-electrolyte 
system; these potential energy barriers arise due to the differences in chemical potentials of 
the electrons in the metal and at the inner Helmholtz layer, and between the electron at the 
inner Helmholtz plane and the electrolyte phase respectively.  Similarly, the current flow in a 
Schottky junction between a metal and semiconductor phase is limited either by the rate of 
charge transport in the semiconductor phase or the rate of electron transfer at the metal-
semiconductor interface.  The potential energy barriers limiting charge flow in a Schottky 
junction and the free energy barriers limiting current flow in a gold-monolayer-electrolyte 
electrochemical system can be tuned by the application of a potential bias, which gives rise to 
a characteristic potential where the net electric field reduces to zero.13-15  The built-in field in 
a Schottky junction is also a measure of the intrinsic potential energy barrier that inhibits the 
transfer of charge across a heterogeneous metal-semiconductor interface, similar to the built-
in field for a gold-monolayer-electrolyte system.13-15  However, the similarities between a 
Schottky junction and a gold-monolayer-electrolyte system are qualitative only, since the 
mechanism of charge transport across a nanometer-thick monolayer phase is significantly 
different from charge transport in a semiconductor like silicon.  Also, the charge transfer 
across a semiconductor-metal interface involves a direct interaction between the electronic 
orbitals of a metal and semiconductor, where both materials can carry appreciable numbers 
of free electrons at room temperatures (~1010 cm–3 for silicon).  However, in the case of a 
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monolayer-electrolyte interface the process of charge transfer is usually accompanied by 
vibrational excitation of occupied states of ionic/neutral electrolyte species that can act as 
electron donors or acceptors since there are a negligible number of free electrons in an 
electrolyte solution. 
The free energy of the electron in a specific phase is related to its electrochemical 
potential as16 
 ∂Gtotal
i
∂n
= μ
e
i
= μei − eϕ i (x) , (3.10) 
where the terms Gtotali, μei, and μei are the free energy, electrochemical potential and chemical 
potential of the electron respectively, and ϕi(x) is the inner potential of the phase i in which 
the electron resides.  The inner potential is defined by the amount of electrostatic work done 
to bring an electron from the vacuum at infinity to a location just inside the phase i, and 
therefore contains the contribution due to the work done by the electron when it crosses the 
liquid vacuum interface.  An estimate of this work term is given by the calculated absolute 
potential of the reference electrode.17  However, because only the difference in chemical 
potentials is considered, this interfacial work term cancels out in most cases.  This work 
contribution can, thus, be ignored without any loss of information.  In this context, the inner 
potential for the metal is equal to the applied potential at the metal surface (ϕM).  This 
follows from the assumption that the charge transfer resistance at the metal-monolayer 
interface due to the gold thiol bond is much smaller than the potential barrier at the 
monolayer-electrolyte interface.  In the case of the electrochemical potential of an electron at 
the interface between the monolayer and the electrolyte, the electron transfers between the 
bonding orbitals of the ion/neutral electrolyte species at the outer Helmholtz plane that can 
act as the electron donor or acceptor, and the LUMO of the functional group in the 
monolayer phase.  Thus, the inner potential for the Stern layer, defined by the amount of 
electrostatic work done to bring an electron from infinity to a location just inside the inner 
Helmholtz plane, is given by IHPOHPOHPIHP ϕϕϕϕ =+− .  Note that in defining a 
(electro)chemical potential for an electron at the inner Helmholtz plane a proper ensemble 
must be defined with respect to electrons at inner Helmholtz plane that are either transferred 
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from or to ionic/neutral electrolyte species at the outer Helmholtz plane that act as electron 
donors/acceptors.  The existence of this ensemble of electrons at the inner Helmholtz plane is 
implied by the nature of the experimental system itself, where the measured current density is 
not from a countable number of electron transfer events but is, instead, averaged over a large 
population of self-assembled monolayer molecules (~1016 molecules).  The identity of the 
electron donating or accepting ionic/neutral species that participate in the interface reaction is 
not required in the scope of discussions here. 
The application of a cathodic bias at the metal with respect to the bulk electrolyte 
solution results in a reduction current where the applied bias increases the free energy of the 
electrons in the metallic phase, as seen from Equation 3.10.  Simultaneously, the applied bias 
also modifies the bending of the potential profile at the IHP by reducing the electrostatic 
energy of the electron at this location (Figure 3.4a).  At some critical potential the 
electrostatic potential at the metal equals the potential at the IHP (Figure 3.4b). 
 71
 
Figure 3.4.  Schematic representation of the electrostatic potential energy profiles and the direction of 
electron flow (arrows) for (a) cathodic potentials, (b) the PZF and (c) anodic potentials.   
Thus, the difference in the free energy of the electrons between the IHP and the metal is 
equal to the difference in the chemical potentials of the electrons between the two locations, 
so that the electric field in the monolayer reduces to zero.  At the PZF, the current in the 
monolayer is driven by the difference in chemical potentials only and hence, is purely 
diffusive in nature.16  For increasingly cathodic potentials, the current continues to exhibit 
this diffusion limited behavior as shown in Section 4.5.  Anodic potentials applied to the 
metal, on the other hand, result in a net oxidation current, decreasing the free energy of the 
electrons in the metal and increasing the electrostatic energy of the electrons at the IHP 
(Figure 3.4c).  At a specific value of equilibrium potential (Figure 3.3c) the electrochemical 
potential of the electrons in the metal equals the electrochemical potential of the electrons at 
the IHP.  Thus, the net current density reduces to zero (Figure 3.3c), and the monolayer 
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behaves as a perfect capacitor at this potential.  At this equilibrium potential, the difference 
in chemical potentials of electrons at the metal and the IHP is obtained by equating the 
electrochemical potentials at the two locations, such that 
 , (3.11) μeM − μeIHP( )eq = e ϕM − ϕ IHP( )eq = eEeq β
where Eeq is the value of the electric field at the equilibrium potential obtained by evaluating 
Equation 2.6b at the equilibrium potential, and μeIHP is the chemical potential of the electron 
at the IHP.  Equation 3.11 also describes the thermodynamic properties of a specific 
monolayer-electrolyte interface like Equation 3.9, because μeM is the same for all gold-
monolayer-electrolyte systems considered here.  However, the description of the interface 
provided by Equation 3.11 is in terms of the chemical potential referenced to the chemical 
potential of the underlying gold substrate at equilibrium conditions as opposed to the 
description in Equation 3.9, which is in terms of the potential at the IHP referenced to the 
bulk electrolyte solution.  Note that the descriptions provided here implicitly assume that the 
impedance of the monolayer and the monolayer-electrolyte interface exceeds the impedance 
due to the diffuse layer and the solution resistance.  This assumption is justified given that 
the impedance response does not display any Warburg-like characteristics that would suggest 
that mass transfer of the ion to the OHP is rate-limiting.18  Also, the real part of the system 
admittance (YsysRe), calculated from Equation 2.5a, is positive and significantly larger than the 
solution resistance for the entire range of the potential spectrum and in all the systems 
considered here. 
 
3.5 Built-in Field and Chemical Potential Difference 
The chemical potential difference at equilibrium and the potential barrier at the IHP for 
the conditions of zero applied bias are shown in Figures 3.5a and 3.5b, respectively, as 
functions of electrolyte pH and the functional end groups. 
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 Figure 3.5. The effect of electrolyte pH and functional group on (a) the chemical potential difference 
between an electron in the metal and at the IHP and (b) the potential barrier height at the IHP.  For these 
experiments the monolayer film is ten methylene units long and the electrolyte is a 10 mM aqueous 
phosphate buffer.  Also shown are the trends in the chemical potential difference and the potential 
barrier height due to varying (c) electrolyte concentration, and (d) monolayer film thickness.  The 
monolayer film in (c) is 1-mercaptodecanoic acid and the electrolyte is an aqueous phosphate buffer at 
pH 4.  For the experiments in (d), the monolayer has a methyl terminated functional group and the 
electrolyte is a 10 mM phosphate buffer solution at pH 8. 
Both the equilibrium chemical potential difference and the potential barrier at the IHP 
indicate that an increase in the pH or electronegativity of the end group decreases the 
chemical potential of transported electrons at the IHP, and makes the potential at the IHP 
more negative.  The two results are consistent because an increasingly negative IHP potential 
presents a larger barrier for the electrons to cross over, which reduces the number of energy 
states available to electrons at the IHP and hence the chemical potential of the electrons at 
that location.16  The hypothesis works in the limit that the electrons at the IHP can be treated 
as a classical gas with minimal self-interactions.  Both the chemical potential difference and 
the potential barrier at the IHP also increase linearly with the logarithm of the bulk 
electrolyte concentration (Figure 3.5c).  Note the linear dependence of the two parameters on 
the pH and the log of concentration, which is elaborated on later in this chapter.  Figure 3.5d 
depicts the two physicochemical parameters as functions of the number of carbon atoms that 
form the backbone of the monolayer film.  Here the number of carbon atoms is defined as the 
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total number of methylene moieties in the alkane backbone plus the methyl unit that makes 
up the functional group.  From Figure 3.5d it is evident that both thermodynamic properties 
of the monolayer-electrolyte interface, namely the difference in free energy for the electrons 
between the metal and the IHP and the electrostatic potential energy barrier at that plane, 
decrease with increasing thickness of the monolayer phase.  Therefore, the chemical potential 
of the methyl functional group at the monolayer-electrolyte interface increases and the 
corresponding electronegativity decreases with increasing thickness of the monolayer film.  
The observed decrease in barrier height for thicker monolayer films is hypothesized to be due 
to a decrease in the electrostatic repulsion forces acting at methyl surface sites as the distance 
between these sites and the metal surface is increased.  The larger spacing between the metal 
surface and the methyl functional group of the alkane chain lowers the Coulombic repulsion 
between the electrons of the metal and the electrons at the methyl moiety, making the methyl 
functional groups more electropositive.  The decrease in the chemical potential difference 
and the potential barrier with an increase in the number of carbon units in the monolayer film 
is not monotonic and an oscillation in the values of these two parameters is evident in Figure 
3.5d.  From the literature it is known that the sp3 hybridized structure of the alkane backbone 
implies that the increase in the monolayer film thickness for an odd number of carbon units 
in the alkane backbone is 1.34 Å, whereas the corresponding thickness increase for an even 
number of carbon atoms is only 0.9 Å.12  Thus, the chemical potential difference and 
potential barrier parameters display a small increase over and above the generally decreasing 
trend as the number of carbon moieties goes from odd to even. 
The two physicochemical characteristics of the monolayer-electrolyte interface, namely 
the built in electric field and the equilibrium chemical potential difference, exist in the 
potential regime (Figures 3.3a and 3.3c) in which the response of the gold-monolayer-
electrolyte system is predominantly capacitive (Figure 3.1a).  Thus, the monolayer film 
primarily stores charge at the metal and Stern layer plane that confine the film on both sides, 
and a small amount of charge “leaks” through the organic film.  The experimental system is 
analogous to a parallel plate capacitor sandwiching a thick dielectric between the plates that 
stores most of the charge pumped into the system and allows only a small amount of charge 
to leak between the plates.  Any observed current density in the thick-dielectric parallel plate 
capacitor system is limited by the rate of charge transport through the dielectric medium.  
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Similarly, the rate limiting process in a gold-monolayer-electrolyte system that has a 
capacitive response to the applied potential is, expectedly, the rate of charge transport within 
the monolayer structure.  Therefore, the kinetics of the charge transfer process at the 
monolayer-electrolyte interface is much faster than the rate of charge transport through the 
monolayer phase such that the monolayer-electrolyte interface reaction can be considered to 
be at quasi-equilibrium.  This hypothesis is also supported by the deduction that the current 
density expressions for this potential regime obey specific mechanistic descriptions of charge 
transport (see Sections 4.2 and 4.3).  Note that the kinetics of electron transfer at a 
monolayer-electrolyte interface in the absence of redox active molecules might be 
significantly slower than the rate of charge transfer between an electroactive moiety and a 
solid electrode.  However, the appropriate comparison here is between the faster electron 
transfer kinetics at the monolayer-electrolyte interface and the slower charge transport rate 
through the monolayer phase, which leads into our quasi-equilibrium hypothesis discussed 
above.  Since the electrons at the IHP and donor/acceptor levels of the electrolyte 
constituents at the OHP participating in the charge transfer process are in equilibrium with 
each other, and since the electrolyte species at the OHP are in equilibrium with the 
corresponding moieties in the bulk as discussed before (Section 2.7), equilibrium between the 
electrons at the IHP and in the bulk electrolyte solution can be safely assumed, yielding 
 . (3.12) μeIHP − eϕ IHP = μebulk
The notional (electro)chemical potential of an electron in the bulk electrolyte solution is 
given by μebulk in expression (3.12).  Since the number density of free electrons in aqueous 
electrolytes is negligible,19 this chemical potential term describes the donor or acceptor 
energy level of the ion/neutral electrolyte species in the bulk electrolyte that interacts with 
the metal phase via a charge transfer process.  Substituting Equation 3.12 into Equation 3.11 
gives 
 . (3.13) (μeM − μebulk − eϕ IHP )eq = eEeq β
Thus, if the equilibrium potential for the gold-monolayer-electrolyte system lies in the range 
of potentials where current is charge transport limited, the experimentally determined 
quantity Eeq should contain information not just about the monolayer-electrolyte interface, 
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but also about the bulk electrolyte solution.  Similarly, in these potential regimes, Ebi (and 
hence ϕIHP) should carry information about the donor or acceptor level of those electrolyte 
constituents in the bulk electrolyte that participate in the charge transfer process. 
The donor/acceptor energy levels in the electrolyte constituents that exchange charge 
with the metal phase follow a Gaussian-modified Boltzmann type distribution when the 
electrolyte solution is dilute, where collisions of the electrolyte constituents with solvent 
molecules account for the Gaussian spread in the ground state energy of the energy levels of 
the electrolyte constituents.18, 19  Thus, the notional (electro)chemical potential of the electron 
in the bulk electrolyte solution introduced above has been approximated by the mean 
vibrational ground state energy of the solvent-electrolyte constituent bond in solution.19  
Since the vibrational energies of these bonds in a solvated ion complex have a Boltzmann 
distribution over a large energy range, the (electro)chemical potential of an electron in 
solution can be treated classically.16  Thus, the bulk electrolyte chemical potential of an 
electron is dependent on the concentration (c) of the electron carrying species (OH–, H2PO4–, 
HPO42–) i.e. 
]ln[cbulke ∝μ , (3.14a)  
and pH14 −∝bulkeμ . (3.14b) 
Gurney20 demonstrated that as the concentration of the anion or the hydroxyl radical 
increases the notional chemical potential of electrons in the bulk electrolyte solution (μebulk) 
decreases.  This point is well illustrated by the monotonic linear increase in Eeq and Ebi with 
pH and concentration in Figures 3.5a-c.  The linear dependence of Eeq and Ebi on bulk 
electrolyte conditions supports the initial assumption about quasi-equilibrium conditions for 
the monolayer-electrolyte interface reaction.  However, Eeq and Ebi also decrease with the 
monolayer film thickness (Figure 3.5d), although bulk electrolyte properties are maintained 
for each monolayer film.  Thus, for anodic potentials where the response is capacitive, 
sizeable variations in bulk electrolyte properties tend to mask the effect that any 
corresponding change at the monolayer-electrolyte interface might have on observable 
parameters like Eeq and Ebi.  However, in cases where the electrolyte properties are invariant, 
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variations in these parameters can be attributed to conditions specific to a particular 
monolayer-electrolyte interface. 
The electric field in the monolayer and the net current density of a specific gold-
monolayer-electrolyte system are used to derive the thermodynamic properties, (μeM – μeIHP)eq 
and ϕIHP, described above.  The calculation of the electric field or the net current density 
from Equations 2.6a and 2.6b involves no assumption about the presence or absence of 
pinholes in the film through which ionic or neutral charge exchanging electrolyte constituents 
can penetrate.  However, the physical interpretation of Ebi and Eeq is clearly dependent on the 
model of the charge transport process in the monolayer film.  The barrier to charge transfer 
exists at the gold-electrolyte interface within the pinhole structure for a monolayer film with 
large pinholes.  For this case, Ebi is then the zero-bias electrostatic field in the pinhole 
structure and Eeq would describe the chemical potential difference between the energy levels 
of the electrolyte constituents at the location of the functional group and the energy level of 
the corresponding electrolyte constituent at the gold-electrolyte interface.  If the pinhole size 
is large enough to facilitate the penetration of electrolyte constituents that participate in 
charge exchange with the gold phase, the effect of the functional end group on the barrier 
height should be weak.  Even if the functional groups were to exert a significant electrostatic 
field at the entrance of the pinhole, the more electronegative end groups would lower the 
transport barrier, as they would inhibit penetration of anion/hydroxyl ions within the pinholes 
for anodic potentials.  The results described in the previous section, however, indicate that 
the interface barrier is larger for more electronegative end groups, suggesting that the 
transport of charge carriers through pinhole defects in the monolayer structure does not 
contribute significantly to the observed current density. 
The existence of quasi-equilibrium conditions between the charge exchange interface and 
the bulk electrolyte solution as demonstrated in Figures 3.5a-c also disproves the possibility 
that charge conduction in the monolayer phase is due to ion penetration in the monolayer 
film.  For the case of large pinholes, the charge transfer barrier exists only at the gold-
electrolyte interface and the charge transport barrier characterizes the impedance to the 
motion of charge carriers in the pinhole (Section 2.2).  Thus, for the anodic potential regime, 
where charge transport is rate limiting, the gold-electrolyte interface cannot be at equilibrium 
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with the bulk electrolyte solution since the charge transfer barrier at the gold-electrolyte 
interface is spatially decoupled from the electrolyte phase by the monolayer film that 
kinetically limits the charge flow process.  However, as mentioned before, the linear 
dependence of the monolayer-electrolyte parameters (Eeq, Ebi) on bulk electrolyte conditions 
(Figures 3.5a, 3.5b, and 3.5c) indicates that since the charge transfer interface and the bulk 
electrolyte solution are at quasi-equilibrium with each other, and hence they must be spatially 
coupled to each other.  Thus, only if the charge transfer barrier is located at the monolayer-
electrolyte interface can there be equilibrium between the charge transfer barrier and the bulk 
electrolyte solution.  By this reasoning, the contribution of charge carriers through pinholes 
to the observed current density can be ruled out. 
 
3.6 Conclusions 
A phenomenological argument was put forward in this chapter to qualitatively deduce the 
nature of the rate-limiting barrier from the low-frequency impedance response of a gold-
monolayer-electrolyte system.  A small deviation from an ideal capacitive behavior indicates 
that charge transport through the monolayer phase is rate limiting.  On the other hand, a 
purely resistive response is indicative of charge transfer at an interface as being the rate 
limiting mechanism.  The results of the application of the constitutive admittance equation 
derived in Chapter 2 are also presented in this chapter in terms of two physicochemical 
characteristics, namely the built-in electric field (Ebi) and the chemical potential difference 
for a electron between the metal and the IHP at equilibrium conditions (μeM – μeIHP)eq, that 
enable the description of the monolayer-electrolyte interface in terms of the bulk electrolyte 
properties.  The equilibrium that results between the IHP and the bulk electrolyte occurs for 
potentials that are more anodic than the PZF.  Within this potential regime the thin film 
modified electrode can conceivably act as a concentration or pH sensor that can evaluate bulk 
electrolyte properties.  However, the two characteristics reflect properties specific to the 
monolayer-electrolyte interface for experimental systems with invariant bulk electrolyte 
properties. 
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Chapter 4: Charge Transport Mechanisms in Gold-Monolayer-Electrolyte 
Systems∗ 
4.1 Introduction 
A description of charge transport within gold-monolayer-electrolyte systems was 
proposed in Chapter 2 that modeled the flux of charge from the metal to the electrolyte 
phases (or vice versa) with the mechanistic charge transport equation.  The hypothesis 
proposed that the charge flux had conductive, diffusive and displacement current 
contributions.  The charge transport equation was differentiated by the applied potential to 
yield an expression for the low frequency admittance of the system.  For low (pseudo-steady 
state) frequencies, the real and imaginary parts of the derived admittance expression could be 
separated, yielding equations for the phase and magnitude of the complex admittance that are 
functions of physically relevant parameters, like monolayer free charge density and 
monolayer electric field.  The charge mobility and diffusivity appeared as unknowns in the 
admittance expressions and were estimated using a scaling argument, also outlined in 
Chapter 2.  Finally, the specification of the surface charge density at the gold-monolayer 
interface as a boundary condition was required for the fitting of the constitutive admittance 
expression to the experimental admittance values.  The electrostatic energy barrier at the 
gold-monolayer interface was shown to be relatively insignificant compared to the free 
energy barrier at the monolayer-electrolyte interface by a phenomenological argument in 
Chapter 2, to enable the specification of the gold-monolayer surface charge density. 
The analysis described above was restricted to gold-monolayer-electrolyte systems where 
the electrolyte does not contain any redox active species.  These systems were characterized 
by a weak overlap between electronic orbitals of the gold electrode and the vibrational 
energy levels of the unknown species in the electrolyte that act as the electron donors and 
acceptors.  Therefore, the background electrolyte properties are expected to significantly 
affect the leakage current density observed in these systems.  In this chapter, the different 
                                                 
∗ Part of work presented in this chapter has been published in Gupta, C.; Shannon, M. A.; Kenis, P. J. A. 
Journal of Physical Chemistry C 2008, 113, 4687 
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potential dependent mechanisms of leakage charge flux are explored.  The monolayer free 
charge density and electric field obtained by fitting the admittance response to the 
constitutive admittance expression derived in Chapter 2 are utilized to calculate the 
conduction and diffusion contributions to the net current density.  The functional dependence 
of the conduction and diffusion components on monolayer electric field are then compared to 
solid-state mechanistic models of charge transport to propose a hypothesis for charge 
transport in the monolayer film.  These solid-state charge transport models are modified to 
account for the presence of an electrolyte phase and are not used as is.  Parameters 
characterizing the different physical and chemical properties of a monolayer-electrolyte 
interface are recovered by fitting the observed current density to the modified mechanistic 
solid-state charge transport models. 
 
4.2 Ohmic Conduction 
The primary contribution to the oxidation current density for potentials that are anodic 
relative to the PZF comes from conductive transport.  Thus, the discussion for the anodic 
potential regime is focused mainly on the analysis of this conductive contribution.  The 
average conduction current (Jcond) in the monolayer is calculated from the expression 
 Jcond =
μ E
β ρ(x) dx
−β
0∫ , (4.1) 
where β is the thickness of the monolayer.  The conductive current density as a function of 
the electric field in the monolayer is depicted as a log-log plot in Figure 4.1a. 
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The systems are 1.4 nm long, carboxylic acid terminated alkane thiols in contact with 
electrolyte solutions maintained at three different values of bulk pH.  The similarity in the 
curves for each of the three systems indicates that mechanism of conductive transport in the 
monolayer is relatively independent of the bulk electrolyte properties like pH and 
concentration, and is primarily a function of the electric field in the monolayer.  Moreover, 
the mechanism of charge conduction in the monolayer phase is also essentially independent 
of the functional end group (Figure 4.1b) and the length of the alkane chain (Figure 4.1c).  As 
Figure 4.1.  Conduction current density as a function of monolayer electric field for (a) variable 
electrolyte pH, (b) different monolayer functional groups and (c) variable monolayer film thickness.  
For all experiments, the electrolyte is an aqueous 10 mM phosphate buffer solution maintained at pH 8 
unless otherwise mentioned.  The monolayer is self assembled 1-mercaptodecanoic acid on gold in 
part (a) and in part (b) all monolayer films are 10 methylene units long.  The regimes for Ohmic and 
space charge limited conduction are also delineated in part (a). 
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seen in Figure 4.1a, there are two regimes of conductive charge transport depending on the 
strength of the electric field in the monolayer.  At low electric fields (E < 1 × 106 V/m), the 
current density (Jcond) is proportional to E where the average monolayer conductivity (σcond) 
is defined as 
 σ cond =
μ
β ρ(x) dx
−β
0∫ . (4.2) 
The conductivity was shown to be independent of the monolayer thickness (Section 2.6), and 
was comparable with the reported low-field conductivity values of alkanethiol monolayers 
measured from solid state metal-insulator-metal junctions (~ 10–15 S/cm).  The ohmic 
conduction in the monolayer film is facilitated by thermal free electrons within the 
monolayer film.  These electrons are generated by the thermal excitation of electrons from 
the injecting contact, namely the monolayer-electrolyte interface, into the LUMO of the 
alkane phase over the reaction free barrier between the immobilized ions in the Stern layer 
and the functional group of the monolayer film.  The number per unit volume (nOhmic) of 
these electrons can be calculated from the Ohmic charge density ρOhmic as 
 nOhmic =
ρOhmic
e
=
σ cond
eμ
~ 5 ×1014 . (4.3) 
 
4.3 Space-Charge Conduction 
For larger electric fields (1 × 106 < E < 5 × 108 V/m) in the anodic potential regime, the 
conduction current is observed to be dependent on the square of the electric field (Jcond ~ E2).  
This parabolic functional dependence is characteristic of space charge limited current, where 
the drift of the current carrying electronic charge is punctuated by frequent collisions with the 
thermal vibrations of the methylene moieties in the alkane backbone and with other electrons 
that are injected by diffusion into the monolayer phase due to the difference in electron 
density at the metal-monolayer and monolayer-electrolyte interfaces.1, 2  The diffusion-
injected charge due to the electron concentration difference at the two interfaces and the 
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thermal vibrations constitute the space charge that limit the conductive transport of electrons 
in the monolayer.  The space charge limited current (SLC) density can be evaluated from 
 2E
L
J MSLC
με
∝ , (4.4) 
where the constant of proportionality is of order 1.3  In Equation 4.4, L represents the 
penetration length for the space charge, i.e. the extent to which the diffusion-injected charge 
and thermal vibrations influence the current flow, measured as a distance from the injecting 
contact.3  A larger value of L signifies a greater number density of diffusion-injected charge 
in the monolayer or a larger hindrance to the transport of electrons due to collisions with the 
thermal vibrations of the alkane chains.  Thus, the penetration length is an intrinsic measure 
of the ability of the monolayer phase to carry space charge and hence, limit the flow of 
current.  This phenomenological length scale arises in thin-film systems where the charge 
density is observed to fall exponentially (Figure 4.2a) to the thermal free charge density 
(ρOhmic).3  The functional form of the charge density, calculated by solving the first order 
differential equation for the real admittance component in Equation 2.6a, follows the profile 
shown in Figure 4.2a. 
 
Figure 4.2.  (a) Schematic illustrating the physical significance of penetration length L.  For the oxidation 
reactions at these anodic potentials, the monolayer-electrolyte interface serves as the electron injection 
contact.  (b) A two parameter power law best fit for the conduction current density is shown here.  The 
monolayer film is 1-mercaptodecanoic acid self assembled on gold and the electrolyte is a 10 mM 
aqueous phosphate buffer solution maintained at pH 4. 
The penetration length should be some fraction of the length of the alkane chain in the 
monolayer phase and cannot be larger than the thickness of the monolayer film, i.e. 
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 )1(    ≤= κβκ QL . (4.5) 
For large electric fields near the maximum of the space charge limited current regime – when 
the injection due to the applied field overwhelms the intrinsic ability of the monolayer film to 
hold space charge – the penetration length for all gold-monolayer-electrolyte systems would 
simply be equal to the thickness of the monolayer film.  Since the upper bound on L is the 
monolayer thickness, β provides a convenient length scale parameter when using scaling 
arguments to calculate μ and D, as discussed in Section 2.6.  The intrinsic space charge in the 
monolayer film is a function of the length of the alkane backbone because an electron 
drifting through a thicker monolayer film experiences many more collisions with thermal 
vibrations of the alkane chains.  The difference in chemical potential between an electron at 
the metal and at the IHP also affects the space charge since a larger chemical potential 
difference increases the amount of electronic charge that is injected into the monolayer film 
by a thermal diffusion process.  Thus, the factor κ in (4.5) has a physical significance and 
represents the contribution to the space charge from the thermal diffusion of electrons into 
the monolayer film. 
Substituting (4.5) into (4.4) and assuming the proportionality constant to be unity, 
yields 
 2EJ MSCL βκ
με
= . (4.6) 
The value of κ in (4.6) is obtained by fitting the conductive current density plot in the space 
charge limited regime with a function of the form γ xζ, where γ and ζ are constants 
determined by the least squares fit (Figure 4.2b). 
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 Figure 4.3.   values for space charge current as functions of (a) electrolyte pH and functional end 
group and (b) monolayer film thickness.  For the experiments in (a), the monolayer film is ten methylene 
units thick and the electrolyte is a 10 mM phosphate buffer solution. In (b) the alkane chains are all 
terminated by methyl functional groups and the electrolyte solution is a 10 mM phosphate buffer solution 
maintained at pH 8.  Markers in (a) are connected by dotted lines to clarify the graph. 
For all gold-monolayer-electrolyte systems considered here, ζ ~ 2 and the values of κ, 
calculated from the values of γ, are shown in Figure 4.3.  As expected, the trends observed 
indicate that more electronegative head groups result in larger κ values due to greater 
differences in chemical potential (Figure 4.3a).  Increased electrolyte pH should have a 
similar effect on κ.  However, the observed increase in κ with electrolyte pH is not 
statistically significant enough to make that conclusion.  The thickness of the monolayer film 
results in decreasing chemical potential differences, and thus κ decreases with increasing 
alkane chain length (Figure 4.3b).  The steps in the values of κ superimposed on the overall 
decreasing value are due to even-odd effect of the alkane phase.4 
 
4.4 Characterization of Tunneling Limited Potential Regime 
The low frequency impedance response of a gold-monolayer-electrolyte system begins to 
acquire a small real component for large anodic potentials as compared to the electrical 
response observed for potentials that are only a few hundred millivolt greater than the PZF 
(Figure 1.2c).  The small but statistically significant shift in response indicates an increasing 
contribution from the charge transfer barrier at the monolayer-electrolyte interface to the rate 
limiting step in the charge flow process, as discussed in Section 3.2.  The observed current 
density-electric field curves begin to display quantum mechanical tunneling effects when the 
electric field in the monolayer larger than 5 × 108 V/m.  The linear relation between the 
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variables E · ln(J/E2) vs. E in Figure 4.4a is characteristic of Fowler Nordheim tunneling, 
where the potential barrier to electron transfer at the IHP is distorted by the large electric 
fields such that the electron wave function can penetrate through the reduced barrier, across 
the empty conduction band of the monolayer phase and into the empty recipient states in the 
bulk metal (Figure 4.4b).   
 
Figure 4.4.  (a) Linear dependence of the Fowler-Nordheim parameter  on the 
monolayer electric field (E), for large (> 5 × 108 V/m) electric fields, is illustrated in this graph.  The 
system is a monolayer of 1-mercaptodecanoic acid on gold, in contact with a 10 mM phosphate 
electrolyte solution, buffered at pH 4.  (b) Schematic depicting the quantum mechanical tunneling 
process from the ground energy level of the electrolyte states (Eg) into the monolayer conduction band 
(LUMO). 
E ⋅ Ln(J / E2 )
This rate-limiting electron transfer event at the monolayer-electrolyte interface gives the 
impedance response a small real component.  The Fowler Nordheim current density (JFN) 
expression is a probabilistic description of an electron wave tunneling through a triangular 
potential barrier from occupied states at the IHP on one side of the barrier to empty states in 
the bulk metal at the other end,5-10 i.e. 
 JFN = Ff
N f
2(2 m*(εt ))
1/2 Fe P(ε ') dε 'dεt∫∫ , (4.7) 
where Nf and Ff are the density and the occupation probabilities of the occupied states in the 
above expression, Fe is the probability that the recipient state in the bulk metal is empty, m* 
is the effective electron mass, εt and ε’ are the total energy of the electron and the energy of 
the electron perpendicular to the interface where both energies are with reference to the 
LUMO level, P(ε’) is the probability that electrons with perpendicular energy ε’ can 
penetrate the potential barrier and the factor in the denominator of the integrand represents 
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the normal scattering velocity with which electrons strike the monolayer-electrolyte 
interface.11  The states at the IHP that supply the electron to the monolayer conduction band 
at these large anodic potentials would correspond to partially hydrated anions localized at the 
Stern layer and these immobilized anions exchange with the ions in the bulk electrolyte 
primarily by a thermal activation process.  These immobilized ions together with their partial 
solvent shell will henceforth be referred to as “electrolyte states.”  The field emission of 
electrons from a metal surface into vacuum considered in the seminal work by Fowler et al.6 
is significantly different from the electron tunneling from the electrolyte states into the empty 
metal states.  However, the two processes are shown to be qualitatively and quantitatively 
very similar under a certain set of assumptions discussed below. 
All electron transfer events between species in solution are comprised of nuclear 
vibration-induced fluctuations in the electron energy levels of the donor and the acceptor 
moieties, followed by the tunneling of the transferring electron once the energy levels of the 
two species align, as discussed in Section 1.2.12  The nuclear motion discussed here includes 
vibrations internal to the molecular species caused by thermal excitation of the individual 
atoms constituting the species, and external vibrations caused due to interactions with the 
surrounding medium.  Therefore, the probability that an electron tunnels is closely linked to 
the thermal vibrational motion of nuclei of reacting species and the medium that creates the 
necessary preconditions for the tunneling of electron, i.e. the quantities Nf and Ff in Equation 
4.7 are functions of the nuclear coordinates and momenta that can be determined only by the 
simultaneous solution of the electronic and nuclei Hamiltonians.  For slow moving nuclei, 
electron energy level degeneracy between the donor and acceptor species remains for a 
sufficiently long time such that tunneling between the moieties is probabilistically certain.  
Thus, the rate expression describing the process (and the current density) is dependent only 
on the energetics of the slow moving reactant nuclei and solvent media.13  Conversely, an 
electron transfer system characterized by fast moving nuclei and high potential energy 
barriers between the degenerate energy levels is rate limited by the electron tunneling 
between the reacting species.  Donor anionic electrolyte states at the Stern layer are, as 
expected, characterized by rapid thermal vibrations of the constituent nuclei because these 
species usually exist in solution as dehydrated (or weakly hydrated) ions,14 and as they 
adsorb at the Stern layer, these anions tend to lose their hydration spheres.  The substantially 
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reduced solvent shell around the anions at the Stern layer facilitates the high speed motion of 
individual atoms making up the anion.  Consequently, the rate expression for the observed 
oxidation current density appears as a probabilistic description of a tunneling event from the 
energy level of an immobilized anion to the empty states of the metal phase, where the 
electric field acts to distort the energy levels of the accepting functional groups in the 
monolayer film such that there is significant overlap between LUMO of the monolayer film 
and the excited energy levels of the anionic species.  As the electric field increases in 
magnitude (for increasingly anodic applied potentials), this distortion becomes large enough 
to induce an overlap between the LUMO and the ground state energy levels of the 
immobilized ions, thereby facilitating electron tunneling without necessitating the alignment 
of energy levels by thermal excitation.  Thus, sufficiently large electric fields enable 
tunneling even from anionic species like hydroxyl (OH-) ions that exist as partially solvated 
ions at the Stern layer.14 
A simplifying assumption that must be highlighted in (4.7) is that the expression for 
quantum mechanical tunneling current density does not contain any factor to account for the 
interaction of the tunneling electron with electrons in the LUMO of the monolayer phase.  
Assuming that the electrons follow classical statistics, there is almost no possibility that the 
electrons can be thermally injected into the LUMO from the HOMO of the alkane chains 
because the energy gap between the two sets of orbitals (~ 8 eV)15 is much larger than the 
thermal energy of the electrons (~ 0.025 eV).  Thus, the probability that states in the 
conduction band of the monolayer phase would be empty for the lifetime of the tunneling 
process is nearly one.  The tunneling current density calculated in (4.7) under these 
assumptions has a form very similar to the expression derived by Fowler Nordheim in their 
paper describing field emission of electrons from metals,6, 7 as shown below. 
The classical occupation probability (Ff) of an orbital of energy εt is given by16 
 ⎟⎠
⎞⎜⎝
⎛ −
=
kT
F ttf
εμ
ε exp)( , (4.8) 
where μ represents the chemical potential of the system.  The energy of an orbital confined to 
a hypothetical square well potential of side L is given in terms of the quantum number p by17 
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where m* is the effective mass of the electron and in this case, L signifies the width of the 
potential energy well within which the electron is confined.18  Since the depth of the potential 
well is characterized by the ionization energy of the participating anions (~10 eV)19 which is 
significantly higher than the barrier heights observed in our system, approximating the 
complicated potential energy profile of the anionic well as a square well potential is justified.  
The number of electrons with quantum numbers between p and p+dp is given from (4.8) and 
(4.9)16 as 
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Equation (4.10) can be expressed in terms of εt alone by using (4.9), and therefore, the 
expression for the density of states for a classical distribution is given by 
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The probability Fe that the recipient states in the bulk metal phase are empty is given by the 
Fermi-Dirac distribution function in (4.12) 
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where μF is the chemical potential of electrons in the bulk metal phase.  The tunneling 
probability P(ε’) in Equation 4.7 is a ratio of the transmitted to the reflected probability 
current densities17 and is solely dependent on the field and the shape of the potential barrier 
that inhibits the tunneling process.  Therefore, the functional form for P(ε’) is similar to the 
tunneling probability derived for the case of field emission from a metal6, 11 i.e. 
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Substituting (4.13), (4.12) and (4.11) into equation (4.7) and integrating over the variables ε’ 
(between the limits 0 and εt) and εt (within the limits 0 to ∞) yields 
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and Γ is the gamma function. 
The expression in (4.14) can be simplified11 to yield the tunneling current density for 
tunneling from electrolyte states that are distributed according to the laws of classical 
statistics on one side of the potential barrier to empty states at the other side i.e. 
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The result in (4.16) is very similar in functional form to the characteristic Fowler Nordheim 
(FN) tunneling current density6.  The difference arises from a) an additional field dependent 
term in )1(sin/)1( ++ ηπηπ  that accounts for the modification to the FN current density due 
to increased thermal energy and because of the classical distribution of electrons in the 
electrolyte states, and b) the term that depends exponentially on the chemical potential 
difference between the electrons in the electrolyte states and the electrons in the metal.  
Equation 4.16 is further simplified since the integration in (4.14) is valid only if11 
 kT
m
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>
Φ 2/1)*2(
h  (4.17) 
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The quantity on the LHS is five to ten times larger than kT for the range of electric fields 
where tunneling is observed and for the magnitudes of the tunneling barrier plotted in Figure 
4.5.  Thus, the modification factor in (4.15) reduces to a constant value i.e. 
1~)1(sin/)1( ++ ηπηπ .  Since the non-dimensional chemical potential difference 
kTF /)( μμ − is given by kTe M /ϕ−  and the field dependence of this term is weaker than the 
other factors in the current density expression, this quantity can be considered a constant.  
Thus, the current density in (4.16) is identical to the FN tunneling current but for a differing 
constant factor such that 
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where e is the electron charge,  is the modified Planck constant, and Φ is the intrinsic 
potential energy barrier to the tunneling process (Figure 4.4b).  Here, the effective electron 
mass, m*, is considered equal to the free electron mass me.  The barrier height can now be 
evaluated from the intercept in the plot of E · ln(J/E2) versus E. 
h
The intrinsic potential energy barrier in (4.18) is a measure of the characteristic electric 
field that determines the onset of the tunneling process.  This electric field is given by the 
numerator of the exponential factor in (4.18) as 
 Etunn =
4(2 m*)1/2 Φ3/2
3he
, (4.19) 
where Etunn characterizes the extent of distortion required in the rectangular barrier before 
tunneling can occur.  This distortion is a function of the electrostatic and steric interactions 
between the electron exchanging surface sites at the monolayer functional groups and the 
electrolyte states.  The interaction between these species has a strong influence on the 
distance of closest approach between the anions and the surface sites, and therefore limits the 
electron transfer process.  The distortion is also dependent on the width the electron has to 
traverse within the barrier region (d in Figure 4.4b).  An infinitely high electrostatic or steric 
interaction energy barrier or a very wide barrier region would reduce the tunneling current to 
zero.5  Since tunneling is a probability based description of the transfer of an electron from 
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filled to empty states across the intrinsic potential energy barrier, the variables affecting the 
height of the intrinsic potential barrier can be separated out as shown 
 )()( ϕgdf ⋅∝Φ , (4.20) 
where f(d) represents the factors affecting the width of the barrier region, and g(ϕ) is a 
function of the variables affecting the electrostatic and steric interactions between surface 
sites at the monolayer and the electrolyte states.  Therefore, the function g(ϕ) depends on the 
chemistry of the surface sites and the electrolyte states.  Increasing the electronegativity of 
the functional groups enhances the repulsive Coulombic environment between the anionic 
electrolyte states and the functional groups at the monolayer-electrolyte interface thereby 
increasing the barrier height (Figure 4.5a). 
 
Figure 4.5.  Fowler-Nordheim tunneling barriers as functions of (a) electrolyte pH and functional end 
group and (b) number of methylene units in the alkane backbone.  For the experiments in (a), the 
monolayer film is ten methylene units thick and the electrolyte is a 10 mM phosphate buffer solution. In 
(b) the alkane chains are all terminated by methyl functional groups and the electrolyte solution is a 10 
mM phosphate buffer solution maintained at pH 8.  Markers in (a) are connected by dotted lines to clarify 
the graph. 
As discussed before, the electronic energy levels in the immobilized electrolyte states of 
the Stern layer that participate in the charge transfer/tunneling process at the monolayer-
electrolyte interface correspond to the vibration energies of the constituent atoms or of the 
ion-solvent bonds20 in case of the hydroxyl radical.  An elegant argument put forward by 
Gurney18 showed that the highest occupied vibrational energy level for an anion is lower than 
the lowest unoccupied state for a hydrated cation.  Thus, increasing the concentration of the 
anionic species in the electrolyte (OH–, H2PO4
–, HPO4
2–) by increasing the bulk electrolyte 
concentration or pH decreases the ground state energy level of the electrolyte from which 
tunneling occurs, thereby increasing the effective barrier to the tunneling process (Figure 
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4.5a).  The barrier is largest for the methyl terminated moiety and smallest for the 
electronegative alcohol group at low electrolyte pH (Figure 4.5a), possibly indicating that a 
steric hydrophobic interaction potential exists between the surface sites on the functional 
group and the immobilized ions at the outer Helmholtz plane.  The distance of closest 
approach for the ions in the electrolyte to the inner Helmholtz plane is, seemingly then, 
determined by the polar water molecules that are hydrophobically repelled by the methyl 
group and are favorably attracted to the alcohol group via a hydrogen bonding mechanism.  
However, similar to the methyl functional group, a large barrier is also observed for the 
protonated carboxylic acid moiety at low pH, even though the protonated carboxylic acid 
functional group can form hydrogen bonds with the electrolyte solvent.  The hypothesis for 
this supposed discrepancy is that the hydroxyl (-OH) sub-unit on the carboxylic acid group 
appears to act as the electron accepting surface site, and the planar structure of the sp2 
hybridized carboxylic acid moiety causes significant overlap between the =O and the -OH 
sub-units on neighboring carboxylic acid functional groups.  The spatial overlap between the 
two sub-units from neighboring functional groups restricts access for the electron donating 
anion to the -OH species on the carboxylic moiety.  The increased Coulombic repulsion for 
the electronegative head groups at higher pH values dominates over the steric/hydrophobic 
forces and the two forces appear to balance each other around pH 6 (Figure 4.5a).  The 
switch in the barrier associated with the carboxylic acid functional group, from a methyl 
moiety like barrier at low pH to an alcohol functional group like barrier at higher pH can be 
ascribed to the deprotonation of the acid group at higher pH values,21, 22 which makes the 
negatively charged carboxylic acid group comparable to the alcohol moiety in 
electronegativity.  The deprotonated carboxylic acid has a sp2 hybridized resonance stabilized 
structure, where the negative charge is delocalized on the two oxygen species.  Thus, the two 
deprotonated oxygen moieties are equivalent as surface sites from the perspective of the 
electron donating anionic species at the Stern layer.  The primary contribution to the barrier 
height, in the case of the carboxylic acid functional group, comes from the Coulombic 
repulsion due to the negative charge and not from a steric effect.  This hypothesis for the 
unique behavior of the carboxylic acid functional group appears to explain, albeit 
qualitatively, the dependence of the tunneling barrier height with pH for the sp2 hybridized 
moiety.  However, the experimental evidence in terms of the pH dependent tunneling barrier 
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height is not sufficient enough to conclusively establish that the -OH species on the 
carboxylic functional group is indeed the electron accepting site, or that overlap between =O 
and the -OH sub-units on neighboring carboxylic acid functional groups hinders the electron 
transfer event.  This description of the overlapping sp2 hybridized structure of the carboxylic 
acid moiety is again referred to in Sections 4.5 and 4.6 of this chapter to demonstrate the 
effect of the structure of the carboxylic acid functional group on two different experimental 
parameters, namely the coupling coefficient (α) and the reorganization energy (λ) for the 
electron transfer reaction.  The hypothesis for the structure of the carboxylic acid functional 
group requires further verification by an orthogonal experimental technique that can probe 
the structure of a monolayer-electrolyte interface.  Nonetheless, by appealing to this 
description three different and unrelated experimental observations can be explained 
qualitatively, namely the tunneling barrier height (Φ), the coupling coefficient (α) and the 
reorganization energy (λ).  The thickness of the monolayer film is a factor that affects the 
width of the barrier region (d), and thus, the tunneling barrier should increase with the 
number of carbon atoms in the alkane backbone of the monolayer phase.  However, above a 
certain threshold monolayer thickness, the barrier is seen to decrease rather rapidly with the 
number of carbon atoms (Figure 4.5b).  As discussed in Section 3.4, the decrease in barrier 
height can be attributed to a decrease in Coulombic repulsion between the electrons at the 
surface sites and the electron gas in the metal and this reduces g(ϕ).  Thus, the net barrier 
height in Figure 4.5b is an interplay between the two functions in (20), where f(d) increases 
with the thickness of the monolayer film and g(ϕ) is a decreasing function of the number of 
carbon atoms in the monolayer phase. 
The intrinsic potential energy barrier (Φ) in (4.19) is obtained from the observed 
functional dependence of the net current density on the electric field in the monolayer, where 
both dependent (J) and independent (E) variables are measured quantities.  Therefore, the 
intrinsic potential barrier is also an experimentally measured quantity that is dependent on 
electrolyte properties (Figure 4.5a), even when the monolayer functional group and length of 
the alkane backbone are not varied.  This observation suggests that the barrier to electron 
transfer exists at the monolayer-electrolyte interface and that any barrier to charge transfer at 
the gold-monolayer interface is comparatively insignificant.23, 24  Also, if the barrier to charge 
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transfer did exist at the metal-monolayer interface, as would be the case for large pinhole 
defects in the monolayer film, tunneling of electrons would occur from the vibrational energy 
levels of the ions in the pinhole structures to the metal Fermi level, and therefore would be 
dependent on the electric field in the metal phase and not on the electric field in the 
monolayer structure, as observed in Figure 4.4a. 
The current-electric field dependence transitions from functional forms that characterize 
charge transport in thin films at low and intermediate electric fields to a form with a wavelike 
propagation of charge across an energy barrier at the Stern layer at high electric fields.  This 
change in character suggests that charge transport through the monolayer phase is the rate 
limiting step at low and intermediate electric fields, and that for larger electric fields the 
process of quantum mechanical electron transfer across the monolayer-electrolyte interface 
becomes the rate determining mechanism.  This observation is also borne out by an 
inspection of the impedance plots discussed above.  For the potential regime characterized by 
a capacitive response, the net current density is limited by the rate of transport of charge 
through the monolayer phase.  For the potential regime where the impedance has a small real 
component, the net current density is limited partly by charge transfer occurring at the 
monolayer-electrolyte interface.  Electric field-induced quantum mechanical tunneling of 
electrons from the ground state of the anions to the empty metal states cannot be classified 
only as a charge transfer barrier limited event because this process involves the propagation 
of a wavelike electron through an energy barrier that extends across the width of the 
monolayer phase.  Therefore, the phenomenon of electron tunneling resembles both a charge 
transport and a charge transfer process between the functional end group and the anion at the 
Stern layer.  The distinction between a charge transfer event and the tunneling of electrons 
across a potential energy barrier at the monolayer-electrolyte interface is reflected in the 
dependence of the tunneling barrier on transport parameters like the monolayer thickness, 
and also in the phase of the impedance response that shows a small deviation from –90° at 
low frequencies.   
For potential regimes where the current is limited by the number of thermal carriers or by 
space charge, the kinetics of the electron transfer process at the Stern layer is relatively fast.  
Therefore, the surface sites at the monolayer functional groups are in equilibrium with the 
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anionic electrolyte states at the Stern layer as discussed before in Section 3.4.  The anionic 
electrolyte states are, in turn, assumed to be at equilibrium with the bulk electrolyte solution, 
where the distribution of anions in the diffuse part of the double layer is given by the classic 
Poisson-Boltzmann form (see the treatment of diffuse layer charge in Section 2.7).  
Consequently, the surface sites at the monolayer functional group are also at equilibrium with 
the bulk electrolyte solution.  Thus, parameters like the built-in and equilibrium electric 
fields, which characterize the monolayer-electrolyte interface, display a linear increase with 
bulk electrolyte pH and the log of bulk electrolyte concentration.4 
 
4.5 Thermal Diffusion Limited Potential Regime 
The average diffusion current is the main contributor to the net reduction current density 
for potentials that are sufficiently more cathodic than the PZF.  The average diffusive 
component can be evaluated from 
 Jdiff = Jtotal −
μ E
β ρ dx
−β
0∫ . (4.21) 
The diffusion current is plotted as a semi-log function of the applied potential for this limited 
range of potentials in Figure 4.6a, for a 1.4 nm long carboxylic acid terminated monolayer 
system in contact with three different electrolyte solutions maintained at different bulk pH 
values.  The diffusion current varies exponentially with applied potential to a reasonable 
degree of correlation (regression coefficient ~ 0.98) and this functional dependence is 
independent of the nature of the functional end group (Figure 4.6b) and the length of the 
alkane chain (Figure 4.6c). 
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 Figure 4.6.  Diffusion current density as a function of monolayer electric field for (a) variable electrolyte 
pH, (b) different monolayer functional groups and (c) variable monolayer film thickness.  For all 
experiments, the electrolyte is an aqueous 10 mM phosphate buffer solution maintained at pH 8 unless 
otherwise noted.  Also, in part (a) the monolayer is self assembled 1-mercaptodecanoic acid on gold and 
in part (b) all monolayer films are 10 methylene units long. 
The similarity in the functional dependence on potential suggests a common mechanism for 
the diffusive transport of charge that is independent of the bulk electrolyte properties, alkane 
chain length and functional end group, as in the Section 4.3.  The exponential nature of the 
functional dependence of diffusion current on applied potential suggests a thermionic 
emission-like mechanism of electron transport for these potential regimes, i.e. the net current 
is limited by the rate at which transported electrons are thermally emitted over the potential 
energy barrier between the surface sites and the electrolyte states at the monolayer-electrolyte 
interface,5, 25-27 and not by the transport of charge through the monolayer phase.  The 
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thermionic emission of charge is qualitatively similar to charge diffusion in that both 
processes involve the thermal activation of charge carriers across an energy barrier.5  Thus, 
the diffusion current density in the gold-monolayer-electrolyte system at large cathodic 
potentials is a measure of the net kinetic energy of the transported electrons that overcome 
the potential barrier,5, 26, 27 such that 
 , (4.22) Jdiff = evx dn
eϕ IHP
∞∫
where vx is the velocity of the transported electrons along the direction of transport, n(εt) is 
the number density of these electrons as a function of the electron energy (εt), and e ϕIHP is a 
measure of the minimum amount of energy required to overcome the energy barrier at the 
monolayer-electrolyte interface.4  An accurate estimate of the barrier height at the 
monolayer-electrolyte interface must take into account the contribution from the electrostatic 
potential at the outer Helmholtz plane (ϕOHP), since the accumulated charge in the diffuse 
layer gives rise to an electric field that creates an electrostatic potential energy barrier 
between the bulk electrolyte and the outer Helmholtz plane.  Simple scaling arguments 
demonstrate that this potential can be neglected in comparison to ϕM or ϕIHP (see Section 
2.7).  Using the assumption that the electrons in the monolayer conduction band follow 
classical statistics, the integral in (4.22) can be reduced to5 
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where Vo is the minimum velocity required to overcome the energy barrier at the Stern layer, 
and c is a temperature dependent constant derived from the exact density of states 
expression.5, 16  If the electron is assumed to be transmitted elastically25 through the 
monolayer phase from the metal to the IHP, then at large cathodic potentials the minimum 
velocity Vo can be related to the applied potential (ϕM) by an energy balance on the electrons 
such that 
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where εo’ is the baseline energy of the transported electron at the normal hydrogen electrode 
with respect to the vacuum reference level.  Substituting (4.24) into (4.23) yields, 
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The finite charge size assumption,4 with the resulting linear potential drop within the 
monolayer phase, can be used to relate ϕIHP to ϕM.  However, this yields no additional 
physical insight into the large difference in slopes for the curves observed in Figure 4.6 other 
than there are differences in the monolayer electric field for different bulk electrolyte 
conditions, end groups, and alkane lengths.  A methodology is developed below specifically 
to address this concern, where the potential dependence of the current is utilized to extract 
information about the charge transfer between the monolayer surface sites and the energy 
states of the electrolyte at the Stern layer. 
Since the current is limited by the rate at which the electrons thermally hop over a 
potential energy barrier at the monolayer-electrolyte interface, the low frequency impedance 
characteristics of gold-monolayer-electrolyte systems display significant real characteristics 
at large cathodic potentials, thereby indicating that an interface charge transfer process is rate 
limiting (Section 3.2), as discussed before.  For this potential regime, the electrolyte and 
monolayer phase are spatially decoupled from one another, as an electronic equilibrium 
would not exist between the electron donating surface sites on the monolayer functional 
groups and the electron accepting cationic electrolyte states.  The cationic electrolyte states in 
the electrolyte are of two types: (a) reactive states that accept electrons from surface sites in 
the monolayer phase and (b) accumulated cationic species that do not actively participate in 
the charge transfer process, though they contribute to the development of the charge transfer 
barrier (~eϕIHP) at the monolayer-electrolyte interface.  The applied potential is divided 
between the monolayer phase and the Stern layer such that the ratio of the potential drops in 
the two regions is indicative of the ratio between the surface density of charged species in the 
Stern layer that are created by charge transfer from the surface sites and the surface density 
of charged states that accumulate electrostatically within the Stern layer due to the electric 
field.  Thus, for the limited range of large cathodic potentials, the field in the monolayer 
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phase can now be approximated as a linear function of the applied potential where the slope 
(α) is shown to be a function of the number of reactive electrolyte states, accumulated 
electrolyte states and the thickness of the monolayer film, such that 
 E β = αϕM . (4.26) 
The expression for α has the functional form ),,( βα sesm CCf= , where Csm and Cse are the 
respective capacitances of the reacted electrolyte states and accumulated electrolytic states 
and β is the thickness of the monolayer phase as before.  Since the negatively charged 
surface sites are reactive intermediates with lifetimes comparable to the relaxation time for 
electronic charge polarization (~ 10-15 s)13 and (4.26) is applied to low frequency data (~ 0.01 
Hz) only, the capacitance due to the surface sites does not feature independently in the 
functional form for α, and is instead represented in the Csm term.  The potential at the IHP 
can now be described in terms of the constant α 
 ϕ IHP = ϕM − E β = (1−α)ϕM . (4.27) 
Inserting (4.27) into (4.25) yields, 
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where α can be calculated from the slopes of the semi-log curves in Figure 4.6.  For the 
diffusion current to increase monotonically with increasingly cathodic potentials as seen in 
Figure 4.6, α should be larger than 2. 
The functional form for α is derived from the application of Gauss’ law and charge 
conservation to the gold-monolayer-electrolyte system.28  The total potential drop in the 
system is the sum of the potential drop in the monolayer phase (Δϕi) and the potential drop at 
the monolayer-electrolyte interface (ΔϕStern) which satisfies 
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ϕ . (4.29) 
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At large cathodic potentials, the potential drop in the diffuse layer (~ ϕOHP) is ignored, as 
discussed before.  Therefore, the only contribution to ΔϕStern comes from ϕIHP and (4.27) is 
used to evaluate the derivative dϕStern/dϕM in (4.29) so that  
 α
ϕ
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Δ 1
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which yields α
ϕ
ϕ
=
Δ
M
i
d
d . (4.30b) 
The finite charge size approximation and the charge conservation equation are used together 
in the application of Gauss’ law to evaluate the derivative on the LHS of (4.30b), giving 
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The term in the first set of square brackets on the LHS of (4.31) is the total capacitance of the 
Stern layer.  The Stern layer capacitance is comprised of the average capacitance of the 
reactive electrolyte states (Csm) that interact with the metal phase via the charge transfer 
process, in parallel with averaged capacitance due to the accumulated electrolyte states (Cse) 
that interact only with the electrolyte phase, such that if the applied potential were to drop 
entirely across the Stern layer, it would drop in the ratio α/(1–α) across the respective 
capacitors.  The individual capacitance components (Csm and Cse) are averaged out with 
respect to the applied potential.  Thus, rewriting the Stern layer capacitance term in (4.31) 
yields 
 dσ Stern
dϕM
= CStern = α Csm + (1−α)Cse . (4.32) 
The term in the second set of square brackets in (4.31) is a measure of the average 
capacitance of the monolayer (~εm/β).  Substituting (4.32) into (4.31) and simplifying yields 
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A hypothetical gold-monolayer-electrolyte system where the number of accumulated 
electrolyte states at the Stern layer tends to zero (i.e. Cse ~ 0) or analogously, a system in 
which the monolayer phase is infinitesimally thin, should result in a zero electric field in the 
monolayer because the IHP potential would follow the applied potential at the metal without 
the accompanying voltage drop in the monolayer phase.  Equations (4.26) and (4.33) capture 
this asymptotic case.  The condition α > 2 yields a lower bound on the values of Csm and Cse 
such that 
 Csm −
Cse
2
>
2ε
β . (4.34) 
Equation (4.34) indicates that the number of electrolyte states created by the reaction at the 
monolayer-electrolyte interface exceeds the number of capacitively accumulated electrolyte 
states in the Stern layer.  Since the current at these cathodic potentials is a reduction current, 
the reactive electrolyte species are most likely partially hydrated protons that accept electrons 
from the surface sites on the monolayer functional groups, and the accumulated electrolyte 
states consist of cations (K+) from the solubilized salt and excess protons at the Stern layer 
that do not participate in the charge transfer process.  These cations exist in a fully hydrated 
state in the bulk14 and the free energy change that occurs when these positively charged ions 
immobilize at the Stern layer involves a loss of entropy for these ions, as well as a change in 
internal energy due to a partial loss of their hydration sphere.  Their counterpart anions (like 
H2PO4
–, HPO4
2–), on the other hand, merely lose some entropy when they enter the Stern 
phase, as they usually exist as dehydrated (or weakly solvated) molecules in the bulk.14  
Since the free energy change required to immobilize cations in the Stern layer is relatively 
larger, a greater number of protons make up the electrolyte states in the Stern layer, which is 
reflected by the inequality in (4.34).  Thus, the surface charge density in the Stern layer 
(σStern) at large cathodic potentials for these nanoscale thin film structures is created primarily 
by the interface reaction rather than by accumulation due to electrostatic forces.  The 
functional form for α in (4.33) shows that α increases when Cse decreases and/or Csm 
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increases indicating that the metal-Stern layer coupling increases when there are a fewer 
number of accumulated electrolyte states or for a larger number of reactive states in the Stern 
layer.  Since the system is not transport limited, increasing β also increases the value of α as 
can be seen from (4.33).  However, the dependence of the coupling coefficient α on 
monolayer thickness β is expected to be weak since the thickness dependent term in (4.33) 
comes from the inclusion of the monolayer free charge density term  in (4.31).  For 
applied potentials where the finite charge size assumption4 holds and the number of electrons 
in the monolayer film are limited by mutual Coulombic repulsion, the free charge density 
term is expected to be small in comparison to Csm and Cse.  The contribution due to the 
accumulated electrolyte states is expected to be nearly the same for experimental systems 
with different functional end groups if the bulk electrolyte pH and concentration is kept 
constant. Thus, the primary reason for the increase in slope for more electronegative head 
groups is due to increased coupling of the monolayer-electrolyte interface with the metal due 
to a larger number of reactive electrolyte states (Figure 4.7a). 
∫
−
0
β
ρ dx
 
Figure 4.7.  Coupling coefficient (α) values for diffusion limited current as functions of (a) electrolyte pH 
and functional end group and (b) monolayer film thickness.  For the experiments in (a), the monolayer 
film is ten methylene units thick and the electrolyte is a 10 mM phosphate buffer solution. In (b) the 
alkane chains are all terminated by methyl functional groups and the electrolyte solution is a 10 mM 
phosphate buffer solution maintained at pH 8.  The increase in the coupling coefficient in (b) is larger 
than the null hypothesis by one standard deviation.  Markers in (a) are connected by dotted lines to 
clarify the graph. 
The relative magnitude of the coupling coefficient α for different functional groups 
reveals some interesting details about the reaction at the monolayer-electrolyte interface.  At 
lower pH, the metal-Stern layer coupling is weakest for a carboxyl terminated monolayer 
chain and strongest for the hydroxyl functional group.  Whereas, for higher bulk electrolyte 
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pH, the deprotonation of the carboxylic group seems to considerably enhance the reaction 
between the reactive electrolyte states and the surface sites (Figure 4.7a).  This suggests that 
the access of the reactive species in the Stern layer to electrons at the reactive surface sites (–
OH) of the carboxylic acid functional group is blocked by the double bonded oxygen species 
(=O) on the neighboring carboxylic functional group, as discussed before.  The sp3 
hybridized hydroxyl functional group, on the other hand, does not have these interfering π 
orbitals that can inhibit reactant access. In addition, the loss of the acidic proton at greater pH 
for the carboxylic functional group spreads the electronic charge over a set of delocalized 
orbitals in the functional group greatly, enhancing the available surface sites.  The enhanced 
coupling between the metal phase and the electronegative functional groups is also an 
expected consequence of the increased chemical potential difference for an electron between 
the metal and the IHP, as discussed before, which causes an enhanced thermal diffusion of 
charge.  Besides these functional group specific effects, Figure 4.7a indicates that the values 
of α increase with greater electrolyte pH for each head group because increasing electrolyte 
pH reduces the number of accumulated protonic electrolyte states in the Stern layer.  
However, the rate of increase in α is steepest for the carboxylic acid functional group 
between pH values of 4 and 6 indicating an additional contribution due to an increasing 
number of reactive electrolyte states when the functional group deprotonates.  Thicker 
monolayer films also exhibit higher values of α as seen in Figure 4.7b because of the length 
dependent factor in (4.33) though the dependence on monolayer film thickness is weak, as 
discussed above.  The parameter α, like the Fowler-Nordheim potential energy barrier, is 
representative of an experimentally observed barrier to charge transfer and this barrier is 
dependent on bulk electrolyte properties even when the monolayer functional group and 
alkane backbone length are not varied.  This functional dependence of α on bulk electrolyte 
properties supports the underlying assumption that the main contribution to the charge 
transfer barrier is from the monolayer-electrolyte interface and any barrier at the gold-
monolayer interface is unimportant.24 
The net reduction current density does not exhibit any Fowler Nordheim-like tunneling 
characteristics at large electric fields in the monolayer, as expected.  For the electron at a 
monolayer surface site to tunnel through the barrier at the Stern layer, the electric field in the 
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diffuse layer would have to distort the step potential energy barrier at the monolayer-
electrolyte interface considerably in order that the zero point energy of the electron in the 
electrolyte solution matches closely with the energy of the electron in the surface site.  
However, since the maximum electric field in the diffuse layer is only 104 V/m, as 
demonstrated by the scaling arguments in Section 2.7, any such distortion in potential energy 
is vanishingly small.  The absence of tunneling characteristics in the current density-electric 
field dependence for the large cathodic currents is further support that the dominant charge 
transfer barrier exists at the monolayer-electrolyte interface and not at the gold-monolayer 
interface.  The energy barrier inhibiting charge transfer from the metal to the electrolyte is 
located at the gold-electrolyte interface when significant pinhole defects are present, as 
discussed before.  The electric field calculated from the imaginary component of the 
admittance (Equation 2.6b) would, in this case, describe the field acting in the pinhole 
structure.  The magnitude of the distortion induced in the potential energy barrier at the gold-
electrolyte interface in the pinhole by this field is comparable to the band bending for the 
anodic tunneling case described in the previous section (~109 V/m).  Yet, there is no 
observable evidence of any tunneling mechanism in the current-electric field responses, 
indicating that a barrier at the gold-electrolyte interface, if present, is relatively insignificant 
compared to the charge transfer barrier at the monolayer-electrolyte interface. 
 
4.6 Influence of Marcus Kinetics on Charge Transfer 
For applied potentials that are slightly more cathodic (i.e. V – VPZF ~ –100 mV) than the 
PZF, the computed electrostatic potential energy profile in the monolayer is qualitatively 
represented by the schematic in Figure 4.8a, where the transferring electron experiences no 
potential energy barrier as it diffuses from the metal-monolayer interface to the monolayer-
electrolyte interface.  Instead the observed current density is limited by the polarization free 
energy barrier that inhibits the chemical reaction between cationic electrolyte states occurring 
at the monolayer-electrolyte interface.  Charge transfer between the reactants and the 
formation of the product species at the Stern layer occurs when an activated complex is 
formed, where the reaction system assumes a configuration of maximum free energy due to 
the stretching and compression of chemical bonds during collisions between the reacting 
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species.29  The rate limiting step in the formation of an activated complex for the charge 
transfer reaction between the partially hydrated cationic species at the Stern layer and the 
monolayer functional group consists of the rearrangement of the solvent and reactant atomic 
polarizations from their equilibrium configurations.13  This configuration rearrangement 
facilitates the adiabatic tunneling of the transferring electron from the electronic energy 
levels of the functional moiety to the corresponding isoelectronic energy level of the cationic 
species in the Stern layer.12  This hypothesis presupposes that the Born-Oppenheimer 
approximation17, 30, 31 holds during the charge transfer process, which is a reasonable 
assumption given that there is no transport barrier inhibiting electron transport in the 
monolayer phase, and there is also no electrostatic potential energy barrier at the monolayer-
electrolyte interface that can limit the movement of the transferring electron.  The current 
density is determined by the number of reactant-solvent complexes that overcome this atomic 
polarization reorganization energy barrier by thermal activation.  Therefore, the observed 
current density depends on this activation free energy in an Arrhenius rate expression of the 
form 
 J ∝ exp − ΔGR
*
kT
⎛
⎝⎜
⎞
⎠⎟ , (4.35a) 
where ΔGR
*
= Gtrans − GR
o
=
λ
4
e ϕM − Eo( )
λ
+1
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟
2
. (4.35b) 
This expression for the difference between the free energy of the most probable activated 
complex configuration ( )32 and the free energy of the reactants in their standard states 
( ) in (4.35b) is the classic Marcus model33, 34 for the activation free energy in potential 
dependent charge exchange between species.  The term λ refers to the reorganization energy 
and can be expressed additively as the sum of internal (λi) and external contributions (λo).  
The internal reorganization energy refers to the contribution to the atomic polarization due to 
the changes in the bond length and bond angle within the internal coordination sphere of the 
reactant and product species.  The external reorganization energy is representative of the 
change in the atomic polarization caused due to the non-equilibrium orientation of solvent 
transG
o
RG
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molecules around the reacting electrolyte states.35, 36  The quantity oE  in (4.35b) is the 
standard electrode potential for the reaction that is the primary contributor to the reduction 
current at the monolayer-electrolyte interface and a comparison of the estimated values 
against tabulated standard reduction potentials helps identify the participating ionic species in 
the charge transfer reaction.  These two experimental parameters, namely λ and oE  can be 
calculated from the potential dependence of the observed current density as 
 ( )
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 Figure 4.8.  (a) Schematic illustrating the potential energy profile for applied potentials in the vicinity of 
the PZF.  Reorganization energies as a function of (b) electrolyte pH and monolayer functional group 
and (c) monolayer film thickness. For the experiments in (b), the monolayer film is ten methylene units 
thick and the electrolyte is a 10 mM phosphate buffer solution. In (c) the alkane chains are all terminated 
by methyl functional groups and the electrolyte solution is a 10 mM phosphate buffer solution maintained 
at pH 8.  Markers in (b) are connected by dotted lines to clarify the graph. 
Note that the proportionality constant from (4.35a) cancels in both differentiated terms in 
equations (4.36a) and (4.36b).  The averaged value for Eo obtained from (4.36b), for all gold-
monolayer-electrolyte systems, is –0.00 + 0.050 V vs NHE, and this value corresponds to the 
theoretical standard reduction potential for protons in an aqueous solution37 (Reaction 4.37 
below) within reasonable error, where 
 . (4.37) 2 H + + 2e− → H2  (E
o
= 0.000 V vs. NHE)
The values of λ for different functional groups at various bulk electrolyte pH conditions are 
depicted in Figure 4.8b.  In comparing the –CH3 and –COH functional groups, the 
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reorganization energy is seen to be larger for lower pH and for the hydrophilic end group (–
COH), indicating that larger energy changes accompany the rearrangements in the partial 
hydration sphere of the reactant and product species as the number of cationic accumulated 
electrolyte states in the Stern layer increase, and when the water repellency of the electrode 
surface decreases.  As the number density of electrolyte states increases in the Stern layer, 
increased crowding inhibits changes in the solvation sphere of the participating ion, thereby 
increasing the energy required to polarize the outer solvent cage as the transition state is 
formed.  Enhanced hydrophilicity at the electrode surface, on the other hand, increases the 
attraction between the aqueous solvent molecules of the partial hydration sphere of the 
protons at the Stern layer and the functional end group of the monolayer phase, thereby 
restricting the ability of the solvent molecules to reorganize around the reactant and product 
species.  Thus, the formation of the transition state from the reactant or the product species in 
the vicinity of a hydrophilic –COH surface requires a larger energy input.   
The results for λ in the case of the –COOH end group are vastly different as compared to 
the trends seen in the results discussed above, since the reorganization energy is observed to 
increase monotonically for pH < 7, and subsequently decrease rapidly for pH > 7 (Figure 
4.8b).  The abrupt change in this characteristic energy parameter indicates the existence of 
different mechanisms at work in the polarization reconfiguration rate limiting step for the 
two pH regimes.  For pH > 7, the carboxylic functional end group exists primarily in the 
deprotonated state, where the negative charge on the oxygen is delocalized over the 
resonance stabilized structure that characterizes the acidic moiety, as discussed before.  The 
semi-hydrated proton at the Stern layer experiences no steric barrier in accessing the active 
site and therefore, the estimated reorganization energy in this pH range is simply 
representative of the rearrangement of the solvent configuration around the proton, which is 
easier at higher pH when there is less crowding due to other protons at the Stern layer.  The 
negative charge on the functional group also facilitates a favorable Coulombic interaction 
with the positively charged cationic species that reduces the distance of closest approach 
between the electrolyte states and the functional end group.  As a consequence, the tunneling 
barrier in the activated complex for the transferring electron decreases and this, in turn, 
reduces the amount of reorganization required in the electron donor and acceptor 
polarizations to make the electron energy levels in both species equal.  This hypothesis 
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explains the decrease in reorganization energies for pH > 7.  For pH values less than 7, the 
access of the proton to the surface site (–OH) on the functional end group is blocked by the 
sp2 orbitals of the C=O bond. Thus, the change in the atomic polarization that facilitates the 
charge exchange step involves a rotation of the carboxylic species around the sigma C-C 
bond that tethers the functional group to the alkane chain, such that the hydroxyl moiety on 
the carboxylic functional group is now exposed to the electrolyte states at the Stern layer.  
The rate limiting step, though still a reconfiguration in the atomic polarization, involves the 
functional end group and not the partially hydrated electron accepting species in the Stern 
layer.  This rotation would expose the lone pairs of electrons on the oxygen of the –OH group 
to the electrolyte, and so increasing the concentration of negative hydroxyl species in the 
electrolyte by increasing the pH makes the rotation step more energetically unfavorable, 
which is seen by the increase in the reorganization energy.  As the pH increases to values 
greater than the surface pKa, the rotation step becomes less important for the charge transfer 
reaction, since most of the surface sites exist as the deprotonated delocalized electron donors.  
This transition, from functional group reorganization being rate limiting to solvent 
reorganization around the cationic electrolyte state being rate limiting, is manifest by the 
abrupt change in the dependence of the λ parameter on electrolyte pH. 
The contribution of the monolayer thickness to the reorganization energy is depicted in 
Figure 4.8c.  Since the λ values are compared for identical bulk electrolyte conditions, the 
conditions affecting the polarization rearrangement due to crowding at the Stern layer are 
kept constant.  Therefore, the increase in the reorganization energy with increased monolayer 
thickness can be attributed to a reduced interaction between the monolayer functional group 
(-CH3) and the cationic electrolyte states.  This reduced interaction arises due to an increased 
spacing between the electronic charge density in the metal and the positively charged protons 
at the Stern layer for thicker monolayer films.  Oscillations in the values of the reorganization 
energy due to differences in the packing of even and odd numbered carbon units in the alkane 
chain are observed here.  This dependence of reorganization energy on the number of 
methylene groups in the monolayer phase has also been observed in gold-monolayer-
electrolyte systems where the redox molecule is tethered to the alkane phase as the functional 
end group.38 
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 4.7 Conclusions 
This chapter presented an overview of the potential dependent charge transport 
characteristics of a monolayer modified gold electrode for the specific case where the 
electrolyte does not contain any redox active ion.  An analytical technique that utilizes the 
constitutive charge transport equation in a modified form to fit the low frequency impedance 
data for a gold-monolayer-electrolyte system enables the evaluation of the conduction and 
diffusion components of the net current density for different potential regimes.  For applied 
potentials that are anodic of the PZF, the electric field driven drift of electrons through the 
monolayer phase is the main contributor to the observed oxidation current density. This 
anodic conduction current within the monolayer is observed to transition from Ohmic 
conduction to space charge limited current at higher electric fields.  These conduction 
mechanisms are postulated from the current-potential behavior without presupposing a 
transport model for the moving charge and are in keeping with the observed low frequency 
impedance response that indicates that charge transport through the monolayer phase limits 
the charge exchange process for this potential regime.  For larger anodic potentials, the 
impedance response acquires a small but significant real component and the net current 
density demonstrates characteristics associated with Fowler-Nordheim tunneling where the 
electron quantum mechanically penetrates a potential energy barrier that separates the ground 
energy level of the participating anion from corresponding empty states in the metal.  This 
potential energy barrier depends on the chemical potential of the electron donating anionic 
species at the Stern layer and on the electronegativity of the monolayer functional group.  
Therefore, the tunneling barrier is sensitive to bulk electrolyte properties that can affect the 
ground state energy levels of the anionic species as well as to the properties of the monolayer 
functional group at the IHP. 
For potentials that are sufficiently more cathodic than the PZF, the diffusion current 
contributes primarily to the observed reduction current density and the functional dependence 
of the diffusion current on the applied potential displays characteristics of thermally activated 
electron emission over an energy barrier.  A model for charge transfer at the monolayer-
electrolyte interface based on thermionic emission theory is developed here that provides a 
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quantitative estimate for the extent of coupling between the metal and the Stern layer, and 
between the Stern layer and the bulk electrolyte solution.  The model indicates that at large 
cathodic potentials the electronic coupling between the metal and the reacting electrolyte 
states is stronger than the coupling between these states and the bulk electrolyte.  The tuning 
of bulk electrolyte conditions and the chemistry of the functional group can have a significant 
impact on the relative importance of the two kinds of coupling.  The charge transfer process 
for applied potentials within the vicinity of the PZF, however, is limited by the free energy 
barrier to the rearrangement of the atomic polarization of the monolayer functional group at 
the IHP and the partially hydrated cationic species at the OHP.  The functional dependence of 
the current on applied potential within this voltage regime is also fit to the classic Marcus 
relation to compute the reorganization energy and standard electrode reduction potential for 
the charge transfer reaction. 
The application of this analytical technique to the low frequency impedance response of 
ordinary gold-monolayer-electrolyte systems yields a significant amount of detail from which 
the structure and properties of the monolayer-electrolyte interface can be constructed.  Thus, 
the monolayer on gold system complemented with the detailed analysis outlined in this 
chapter can prove to be a powerful platform for the detection and quantification of various 
electrostatic and steric interactions between the ions, solvent molecules and the monolayer 
functional groups. 
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Chapter 5: Electron-Transfer Mediated Surface Charge Density 
5.1 Introduction 
The surface charge density at a dynamic solid-liquid interface, i.e. an interface removed 
from equilibrium, is an important parameter that dictates the transient behavior and stability 
of solid-liquid systems characterized by a large surface area to volume ratio.  Therefore, the 
measurement of interfacial charge density and the ability to tune the charge density with an 
applied potential signal provide the means of designing and controlling these small-scale 
heterogeneous systems. 
A scheme for the quantitative estimation of the physico-chemical properties at a 
monolayer modified electrode-electrolyte interface was presented in Chapter 2.  The 
methodology demonstrated therein utilized a continuum description of charge transport to 
calculate the charge flux through a gold-monolayer-electrolyte system for a restricted range 
of applied potentials.  The calculation of the free-charge density within the monolayer film 
and the surface charge density at the metal-monolayer interface from the experimentally 
obtained impedance data are necessary prerequisites required to model the charge flux.  
Thus, the application of local charge conservation at the gold-monolayer-electrolyte interface 
for pseudo-steady state frequencies, where the charge densities in the monolayer and at the 
metal-monolayer interface are known, then yields the surface charge density at the 
monolayer-electrolyte interface.  In this chapter, the estimated surface charge densities for 
different gold-monolayer-electrolyte systems and their variation with applied potential are 
presented.  The functional dependence of the surface charge density at the monolayer-
electrolyte interface on applied potential differs from the standard expressions for surface 
charge density as evaluated for a purely capacitive film, with1, 2 or without interfacial 
reactions occurring at the monolayer-electrolyte interface, indicating the importance of 
including contributions to the surface charge density due to the “leakage” current.  The 
functional dependence of surface charge density on applied potential is also determined by 
the nature of charge transfer process i.e. whether the electron transfer process is adiabatic or 
non-adiabatic.  In this chapter, empirical parameters that characterize the different physical 
and chemical interactions between the functional end group at the inner Helmholtz plane and 
the ions at the outer Helmholtz plane are also retrieved from fitting the calculated surface 
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charge density to different mechanistic models of leakage current-dependent charge 
densities.  These parameters are in good qualitative agreement with the physico-chemical 
behavior of the monolayer-electrolyte interface as predicted from the charge transport results 
of Chapters 3 and 4. 
 
5.2. Charge Transport Limited Surface Charge Density 
The surface charge density for the Stern layer ( Sternσ ) at a given potential with respect to 
a reference is a statistical sampling of the charge density due to the ions in the Stern layer of 
the electrolyte.  The electrolyte ions that exist at the Stern layer are comprised of ions 
accumulated at the outer Helmholtz plane (OHP) as a result of electrostatic attraction, as well 
as ions formed/depleted by the reduction/oxidation processes that occur at the monolayer-
electrolyte interface.  Thus, the surface charge density at the monolayer-electrolyte interface 
results from an electrostatic field due to the double layer as well as from an induced gradient 
in chemical potentials of the participating species due to the electron transfer occurring 
between the gold and the electrolyte phases.  The net charge transfer reaction in the gold-
monolayer-electrolyte system, for the anodic potential regime, involves the transfer of an 
electron from an anionic-solvent complex to the gold electrode i.e. 
 . (5.1) )(])([ 2
−− +→− eAuBOHA bulkbulkn
The subscript bulk denotes the electrolyte phase, outside the electrical double layer, that 
serves as the source/sink for the participant species.  Similarly, for cathodic potentials, the 
overall charge transfer reaction is the reduction of a solvated cation and can be written as 
 . (5.2) bulkbulkn DeAuOHC →+−
−+ )(])([ 2
The terms anodic and cathodic used here have to defined with reference to the equilibrium 
potential value where the nature of the reaction at the monolayer-electrolyte interface 
undergoes a change (Chapter 4).  The overall reaction, in either case, is displaced from the 
equilibrium state and the direction of the forward reaction, as determined from the sign of the 
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observed net current, has been shown in both reaction schemes.  For convenience, the 
solvation shell is not used in the notation for the charged species A- and C+.   
The oxidation and reduction reactions in (5.1) and (5.2) are modeled as elementary 
charge transfer processes between monovalent ionic species and the gold electrode that result 
in the creation of a neutral moiety.  The implicit assumption made here is that any other pre 
or post electron transfer steps in the overall reaction scheme (like the adsorption or 
desorption of chemical species on the electrode) are not rate limiting.  For potential regimes 
where the charge transfer is non-adiabatic, the monolayer insulating film on the gold 
electrode is expected to slow the electron transfer step relative to the other reaction steps in 
the overall reaction scheme.  Thus, the analysis outlined below is equally applicable to non-
elementary, multi-step electron transfer reactions as well.  The neutral species that forms at 
the Stern plane in each reaction is in equilibrium with the corresponding species in the bulk 
electrolyte solution because chemical moieties with zero net charge generally have weaker 
hydration spheres than similar sized ions and are expected to be subject to minimal 
concentration gradients in the diffuse layer for the low (~ 10nA) current densities that are 
characteristic of transport limited regime. The electron donating or accepting electrolyte state 
that forms the charge determining component of Stern layer includes the partial solvent 
complex since the ground vibration energy level of the ion-solvent bond is the primary 
energy level that interacts with the Fermi level of the gold electrode via the monolayer linker 
in the charge transfer step.  However, the bound charges induced in this partially dehydrated 
solvent complex sum to zero and thus, the Stern layer charge density is given by the surface 
concentration of the ion-solvent complex at the inner Helmholtz plane (IHP). 
The total free energy change for the oxidation reaction is given by the difference in the 
free energies for the product and reactant species and for a single electron reaction, this 
reduces to the difference between the product and reactant electrochemical potentials 
 bulk
A
metal
e
bulk
Breactprodrxn
G
−
−+=−=Δ ∑∑ μμμμμ . (5.3) 
The RHS of the above equation can be modified further by adding and subtracting the 
electrochemical potentials of the reacting species at the Stern layer, namely 
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The expression of the reaction free energy change  as a sum of the different 
components in Equation 5.4 splits the free energy difference between the stable reactant and 
product states in terms of the excited reaction intermediates, like the electron at the IHP.  
Defining a thermodynamic chemical potential term for an excited intermediate which has a 
lifetime of 10-15 s is possible if one considers an ensemble average of these excited 
intermediates over a large surface area electrode, as elaborated on in Chapter 4.  The 
superscript on the electrochemical potential term denotes the phase for which the free energy 
is being specified and the subscript represents the species.  The term  is the work done to 
remove the product species from the OHP to the bulk electrolyte solution and  denotes the 
work required to bring the non-electronic reactants to the OHP from the bulk electrolyte.  
The magnitude of work needed to transport an electron from the IHP to the metal is given by 
 and the term  represents the free energy change that occurs at the monolayer-
electrolyte interface due to the reaction between the partially dehydrated electrolytic ion A-, 
the neutral species B at the OHP and the electron at the IHP.  The assumption that the species 
B in the bulk electrolyte solution is in equilibrium with the corresponding states in the Stern 
layer implies that .  Thus, 
rxnGΔ
Pw
Rw
eGΔ
Stern
rxnGΔ
, rxne GG ΔΔ 0~P
Stern w>>
 . (5.5) R
Stern
rxnerxn wGGG +Δ+ΔΔ ~
By a similar argument, the total free energy for the reduction reaction can also be separated 
into contributions arising due to electron transport between the metal and the IHP and due to 
reactions occurring at the monolayer-electrolyte interface. 
For potential regimes where electron transport in the insulating monolayer film becomes 
rate determining, the total free energy of reaction for the system is determined primarily by 
the  component since the kinetics of electron exchange between the neutral and 
ionic electrolyte species at the OHP and functional groups at the monolayer end group are 
facile enough such that the electrolyte species and the functional groups are at equilibrium 
Re wG +Δ
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with respect to one another.  However, at applied potentials where the observed current 
density displays the characteristics associated with the thermal activation of charge over the 
electrostatic potential energy barrier, or when the current density is limited by Marcus 
kinetics of non-equilibrium dielectric polarization, the contribution due to the Stern layer 
reaction ( ) would dominate.  Note that irrespective of the nature of current 
limiting process, the  term remains in the total free energy change.  The electron transfer 
reaction (whether adiabatic or non-adiabatic) creates an electrochemical potential gradient at 
the monolayer-electrolyte interface such that the ionic species at the OHP is never at 
equilibrium with the corresponding ionic species in the bulk electrolyte. 
R
Stern
rxn wG +Δ
Rw
The electrochemical potential of a charged species in a specified phase is described by 
the equation below where the chemical potential of the charge is approximated by the ground 
state vibration energy of the ion-solvent bond.  Since the energy levels of the hydrated 
charged ions in solution and the partially hydrated charged electrolyte states at the Stern layer 
are classically distributed over a substantial range of energies, the chemical potential can be 
related to the volume density (m-3) of the charged particles by the classical expression shown 
below 
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, (5.6) 
where the constant terms oZ +μ  and )( +ZQn  are the standard chemical potential and 
concentration of the species Z+ respectively, at the specified system temperature.  For 
electrolyte species immobilized in the Stern layer, the inner potential in the above equation is 
a measure of the electrostatic potential energy required to bring a charged ion from the bulk 
electrolyte solution, where there are no electric fields, into the Stern layer.  This quantity is 
represented by the quantity OHPϕ , which is significantly different from the potential at the 
IHP, IHPϕ .  The corresponding two-dimensional analogue to equation (5.6) relates the 
chemical potential to the surface density (m-2) of the charge carriers by the following 
equation3 
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The total reaction free energy for reaction in the anodic potential regime is rewritten using 
the result that the primary contribution to the reaction free energy is due to the work done to 
transport charge between the metal and the IHP as discussed above i.e. 
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The expression in Equation 5.8 is simplified by using the assumption that the neutral 
electrolyte species at the OHP are in equilibrium with the species in the bulk i.e. 
Stern
B
bulk
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μμ = .  Also, substituting the equation for the chemical potential yields, 
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where, oA
metal
e
o
BoG −−+=Δ μμμ , and this term represents the standard free energy of the 
reaction.  The standard reaction free energy is also defined as the difference between the 
product and reactant electrochemical potentials in the limit that the reactant and product 
species are sufficiently far from one another in the bulk electrolyte solution such that 
electrons in each moiety are subject to a potential field due to the surrounding medium and 
the intra-atomic forces only i.e. 
 ) . (5.10) ()( ∞−∞=Δ RPo GGG
The free energy of an electron added to the solvated gold electrode that is at an infinite 
distance from the neutral species also depends on the applied potential such that 
 where Eo is the formal potential for the oxidation reaction, 
and therefore 
)()()( oMRP EeGG −−=∞−∞ ϕ
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Expanding on the terms  and  from (5.4) yields, eGΔ Rw
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The potential dependent terms, IHPeϕ and Sterneϕ , represent the amount of electrostatic work 
done to move an electron from the functional end group to the metal and the work done by 
the electric field in the Stern layer to remove an ionic electrolyte species from the bulk to 
inside the Stern layer respectively.  For cases where the net current is transport limited, the 
charge carrying capacities of the reactive electrolyte species and the electrostatically 
accumulated electrolyte species at the OHP are independent of potential as these species are 
at equilibrium with the monolayer surface sites.  As such, 
 MsmIHPM C ϕβ
εγϕϕ ⋅=− ),( , (5.13a) 
and 
 MseStern C ϕηϕ ⋅−= )( , (5.13b) 
where, γ and η are constants of proportionality that are functions of the charge carrying 
capacities per unit area of the alkane phase ( βε / ), the reactive electrolyte states (Csm) and 
the accumulated electrolyte states (Cse).  The expressions in Equations 5.13 follow from the 
application of Gauss’s law to the gold-monolayer-electrolyte interface, as described in 
Section 4.5.  Substituting these expressions for the potential drop in the free-energy equation 
for surface charge density yields, 
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where the chemical potential difference between the electron at the IHP and in the metal 
phase ( ) is independent of applied potential, and is a function of the 
monolayer-film thickness, functional end group and electrolyte composition, pH and 
concentration as demonstrated in Chapter 3.  Also, the concentration of the neutral species 
( ) in Equation 5.14 is a potential independent quantity determined from the bulk 
metal
e
IHP
e μμ −
bulk
Bs
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electrolyte concentration for species B.  Therefore the surface charge density ( ) is 
exponentially dependent on the applied potential and the slope of the line in the semilog plot 
of  versus applied potential (
Sternσ
Sternσ Mϕ ) yields a value for the constant 1−−ηγ  (Figure 5.1a). 
 
Figure 5.1.  (a) Surface charge density as function of applied potential.  The monolayer is self 
assembled 1-mercaptodecanoic acid on gold and electrolyte solution is phosphate buffer; Coupling 
coefficient as functions of (b) electrolyte pH and functional end group and (c) monolayer film thickness.  
For the experiments in (a), the monolayer film is ten methylene units thick and the electrolyte is a 10 mM 
phosphate buffer solution. In (b) the alkane chains are all terminated by methyl functional groups and the 
electrolyte solution is a 10 mM phosphate buffer solution maintained at pH 8.  Markers in (a) are 
connected by dotted lines to clarify the graph. 
Partially dehydrated hydroxyl anions that can be oxidized at these anodic potentials most 
likely are the reactive electrolyte states at the OHP and solubilized anions from the dissolved 
salt (H2PO4-, HPO42-) make up the accumulated electrolyte species.  As discussed in the 
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Section 4.5,  should have a greater contribution from the accumulated electrolyte states 
when compared to the case for the large cathodic potentials since the free energy change 
required to immobilize an anion is significantly lower than the corresponding energy change 
required for a cationic species, which tend to exist as fully hydrated moieties in the bulk 
electrolyte.4  Though the monolayer-electrolyte interface reaction at anodic potentials is 
comparatively weaker for anodic potentials as compared to the case for cathodic potentials, 
the monolayer-electrolyte interface reaction still has a significantly higher contribution than 
the accumulated electrolyte species to the surface charge density since the anodic potentials 
considered here are several kT greater than the PZF.  Therefore, the constants 
Sternσ
γ  and η  in 
Equations 5.13a and 5.13b measure the extent of coupling between the applied potential at 
the metal phase and the surface charge density. 
A larger contribution from the accumulated electrolyte species to the surface charge 
density (i.e. a larger η ) decouples the monolayer-electrolyte interface from the applied 
potential at the metal as seen from the smaller value of the constant 1−−ηγ .  The 
dimensionless coupling constants 2−α , obtained from the potential dependence of the 
diffusion current for cathodic potentials, and 1−−ηγ , obtained from the dependence of 
anodic surface charge density on applied potential, can be compared to measure the relative 
importance of the electron transfer process in the two potential regimes.  As can be seen from 
Figures 4.7 and 5.1b, the coupling to the gold phase is an order of magnitude lower for the 
charge transport limited anodic potential regime.  As the bulk pH of the electrolyte increases, 
there are a greater number of accumulated hydroxyl anions at the OHP, and only a limited 
number of these species participate in the electron transfer process.  However, at lower pH, a 
greater proportion of the hydroxyl anions participate in the charge transfer reaction at the 
monolayer-electrolyte interface since the number of hydroxyl anions electrostatically 
accumulated at the OHP is lower.  Since the primary mechanism for charge transport in the 
monolayer film at these anodic potentials is via conduction and greater electronegativity in 
the functional groups results in larger electric fields in the monolayer phase, the contribution 
of the interface reaction to  also increases for more electronegative end groups as 
evident from Figure 5.1b.  Deprotonation of the carboxylic acid functional group that 
accompanies increased pH enhances the electric field in the monolayer, thereby increasing 
Sternσ
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the coupling between the surface charge density and the metal phase.  The effect of 
deprotonation of the carboxylic functional group offsets the decoupling caused by a larger 
number of accumulated hydroxyl states in the Stern layer at higher electrolyte pH.  Thus, the 
drop in 1−−ηγ  is less steep for carboxylic acid terminated monolayers than for the 
monolayers terminated by hydroxyl or methyl functional groups (Figure 5.1b).  Before the 
onset of tunneling effects, anodic oxidation currents are limited by charge transport through 
the monolayer phase (Sections 4.2 and 4.3) and thicker monolayer films inhibit the charge 
transport.  Figure 5.1c indicates that the coupling coefficient 1−−ηγ  tends to decrease with 
monolayer film thickness, but the functional dependence is rather weak.  As described in 
Section 4.5, the dependence of the coupling coefficient on monolayer film thickness arises 
due to the inclusion of the monolayer free charge density term and the contribution of the 
free charge density term, as manifested by the capacitance per unit area of the monolayer 
film ( βε /
Stern
), is weak when the finite charge assumption holds (Section 2.5). 
 
5.3 Charge Transfer Limited Surface Charge Density 
For the case when charge transfer at the monolayer-electrolyte interface is rate limiting 
(Sections 4.5 and 4.6) i.e. for reduction reactions like (5.2) at cathodic potentials, the 
 term dominates the total free energy change.  Therefore, we have rxnGΔ
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where the  term is assumed negligible; also Stern
D
μ = SternDμ  and 
bulk
C
bulk
C ++
= μμ  are 
used to obtain Equation 5.15 from Equation 5.4.  The electrostatic component of IHP
e
μ  is 
dominant when thermal activation of charge over the potential energy barrier IHPeϕ  is rate 
limiting.  Alternatively, when non-equilibrium dielectric polarization around the reacting 
charges is rate limiting, the chemical potential component ( ) features in the free energy 
difference as shown below: 
IHPμe
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for thermally activated diffusion currents and 
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for Marcus kinetics-limited charge transfer processes. 
The quantity )( SternC
IHP
e
bulk
D +−− μμμ  in Equations (5.15) and (5.16) represents the total 
free energy change for the reduction reaction (5.2), where the free energy for the reactants is 
measured for the reaction ordinate corresponding to the electron at the IHP and the reactant 
electrolyte species at the Stern layer, whereas the product electrolyte species ordinate is 
measured with respect to the bulk electrolyte.  Charge transfer between reactant and product 
species occurs when an activated complex is formed where the reaction system assumes a 
configuration of maximum free energy due to the stretching and compression of chemical 
bonds during collisions between the reacting species.5  The orbitals of the reactant species for 
reaction (5.2), namely the gold electrode and the cation C+, are assumed to interact weakly 
with another and therefore, by the Franck-Condon principle, the total energy of the system 
immediately before and after the formation of the activated complex is equal.6  The 
assumption that the reactant orbitals have a weak interaction is justified since the reducing 
electron interacts with the cationic species immobilized at the Stern layer through an 
intermediate monolayer phase and across the Stern layer.  The restriction of constant total 
energy for the system immediately before and after the charge transfer implies that the 
average configuration of the species and the accompanying molecules of the medium in the 
Stern layer, that determines the energy of the system, is constant throughout the lifetime of 
the activated complex.6, 7  The media for the ionic and neutral species in the Stern layer are 
the accompanying solvent molecules and the alkane phase of the monolayer constitutes the 
medium in the vicinity of the electrode surface and these “solvent” phases participate in the 
charge transfer process through this secondary non-equilibrium effect whereby the molecules 
of the solvent phase remain frozen in configuration around the reactant and product species 
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throughout the charge transfer process.  Thus, the activated complex is immediately preceded 
by a state that has the electronic configuration of the reactants and the state that immediately 
follows the activated complex has an electronic configuration similar to that of the products, 
but the atomic configuration of the participating species stays constant.  Thus, the difference 
in free energy between the reactant and product states prior to and after the transfer of the 
electron is simply the difference between the electronic degeneracies of the reactants and the 
products that manifests as the difference in entropy for the two species, and for most practical 
cases this entropy difference is very small.6  Therefore, the activated complex in the 
transition state can be represented by a single chemical potential value ( ) that can be 
added and subtracted from Equation 5.15 yielding 
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The quantity  is the height of the reaction free energy barrier ( ) as 
measured from the bulk state of the electrolytic product D and  is the 
activation energy barrier ( ) measured from a reaction ordinate corresponding to the 
situation when the electrolytic ion C+ is at the Stern layer and the electron is at the IHP.  The 
reactant free energy barrier ( ) is qualified by an apostrophe to differentiate from the 
reactant free energy barrier ( ) that is measured from the standard states of the 
electrolytic ion C+ and the electron.  Assigning a “free energy” to an excited transient 
intermediate state like the electron at the IHP, which has a lifetime of only 10-15s,6 is possible 
only if the state is ensemble averaged over a large population.  The process of measuring a 
current density over the large electrode area used in the experiments here averages a large 
number of such transient states, enabling the application of a theoretical construct like the 
chemical potential to the electron at the IHP. 
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For potential regimes where electron hopping over the electrostatic potential energy 
barrier at the IHP is rate limiting (Section 4.5), the contribution from  dominates in 
Equation 5.17 due to the large difference in free energies of the transition state and the 
∗Δ RG'
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electron at the IHP.  Although the transition state and the electron at the IHP are both excited 
intermediates, the rate-limiting electrostatic potential energy barrier between the two states is 
responsible for the large .  However, for potentials where the Marcus free energy 
barrier is rate limiting i.e. in the vicinity of the PZF (Section 4.6), the gap between the free 
energy of the electron at the IHP and the transition state due to the electrostatic potential 
energy barrier is expected to be less than the free energy difference between the reactants and 
the transition state due to the polarization of the medium surrounding the reacting species.  
The implicit assumption made here is that the , which a measure of the energy required 
for the dielectric to polarize around the neutral product species D, is still significantly lower 
than the energy required for the non-equilibrium dielectric polarization around the reacting 
ion and electron at IHP.  Thus, for both processes, namely the thermal hopping over an 
electrostatic barrier and for Marcus kinetics limited charge transfer reactions we have 
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where  has an electrostatic potential energy component in the case of thermal hopping 
and a free energy barrier to dielectric polarization when Marcus kinetics is rate limiting. 
∗Δ RG'
 
5.4 Calculation of Charge Density-Limiting Activation Energy Barrier for Adiabatic 
Electron Transfer 
The calculation of  here follows from the classical model of electron-transfer-bond 
breaking reactions as described by Saveant.8  The basic reaction sequence for the reduction 
reaction follows (5.2).  However, to incorporate possible bond breaking/association that may 
accompany the electron transfer process, two reactive electrolyte ions are modeled as 
simultaneously accepting electrons to form a neutral molecule of the product as shown below 
ΔG
  (5.19) DDOH n −+− ])( 2
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The potential energy surfaces for the reactants and products are described in terms of two 
nuclear coordinates in the case of the adiabatic charge transfer case.  The two nuclear 
coordinates are assumed to be independent of one another, where one coordinate, x , defines 
the solvent fluctuation configuration and the second coordinate, y , defines the intra-
molecule bond distance relative to the equilibrium bond length in both the reactant and 
product molecules.  The energetics of the fluctuation in the solvent configuration is described 
using the continuum harmonic approximation as elaborated on by Marcus.9, 10   
 2,, )(2 PR
solvent
PR xx
kU −= . (5.20) 
The quantity  is the potential energy, where the subscript s represents the species for 
which the potential energy is being described and the superscript j denotes the component of 
the potential energy (solvent, nuclear, electronic).  A simplifying assumption utilized here is 
that the shape of the solvent configuration energy surface is the same for the reactant and 
product species.  The nucleus potential energy surface for bond-association in the product 
species is described using a Morse curve11 that mimics the asymmetric potential well 
structure of two interacting atoms.12, 13   
j
sU
 , (5.21) ( yyDDnuclearP eeHU χχ −− −+Δ= 21 2 )
where is the dissociation enthalpy for the  bond;  where DDHΔ DD − ( )DDo HM Δ⋅= /2 2πνχ
oν  is the vibrational frequency of the bond and M  is the reduced mass of the product 
molecule.  The reactant nuclei, on the other hand, are assumed to experience repulsion forces 
only as they approach one another to form the chemical bond, and so the potential energy 
curve for the reactant nuclei has the functional form denoting pure repulsion. 
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The total potential energy for the reactants and products in the adiabatic charge transfer case 
is the sum of their respective nuclear and solvent configuration energies referenced to the 
potential energy of the species at the standard states. 
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The nuclear and solvent configuration coordinates corresponding to the transition state, 
and  respectively, are obtained by locating the intersection point for the reactant and 
product potential energy surface subject to the condition that the transition state thus obtained 
is the most likely configuration of excited nuclei and displaced solvent molecules.6-8, 14, 15  
The intersection point is given by 
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where the “most-likely” state to form is the most optimal configuration for the reactant and 
product species 
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The solution to this constrained optimization problem yields the well-documented quadratic 
functional relationship between the activation free energy barrier and the potential driving 
force.9 
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where the quantity  is often denoted by 2/)( 2RP xxk − λ  and referred to as the 
reorganization energy (Section 4.6).  Also, the quantity U , 
where 
)( oM
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R
o
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oE  is the standard redox potential for the reduction reaction occurring at the 
monolayer-electrolyte interface. 
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Substituting the expression for  from Equation 5.24 into Equation 5.18 yields a 
functional relationship between the surface charge density and the applied potential (Figure 
5.2a). 
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where  is the natural log of the surface charge density at the monolayer-
electrolyte interface.  The quantities  and 
)( SternCsLn +
2/)( 2RPDD xxkH −+Δ
oE  appear as parameters in 
the quadratic relationship between  and )( SternCsLn + Mϕ , and these parameters may be 
evaluated from the expressions 
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Note that the proportionality constant from Equation 5.25 cancels in both differentiated terms 
in Equations 5.26a and 5.26b.  The value for oE  thus obtained for all gold-monolayer-
electrolyte systems, is –0.01 + 0.12 V vs NHE, and this value is close to the theoretical 
standard reduction potential for protons within experimental error, which is consistent with 
the result in Section 4.6. 
 133
Figure 5.2.  (a) Surface charge density as function of potential in the vicinity of the PZF.  
Reorganization energies as a function of (b) electrolyte pH and monolayer functional group and (c) 
monolayer film thickness. For the experiments in (a), the monolayer is ten methylene units long, 
carboxylic acid terminated and the electrolyte solution is a 10 mM phosphate buffer solution 
maintained at pH 8.  In (b), the monolayer film is ten methylene units thick and the electrolyte is a 10 
mM phosphate buffer solution. In (c) the alkane chains are all terminated by methyl functional groups 
and the electrolyte solution is a 10 mM phosphate buffer solution maintained at pH 8.  Markers in (b) 
are connected by dotted lines to clarify the graph.  
The reorganization energy is plotted as a function of electrolyte pH and monolayer 
functional group (Figure 5.2b) as well as a function of monolayer film thickness (Figure 
5.2b).  The trends observed in Figure 5.2 are in agreement with the results deduced in Section 
4.6. 
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5.5 Calculation of Charge Density-Limiting Activation Energy Barrier for Non-
Adiabatic Thermal Hopping-Limited Electron Transfer 
The reactant free energy barrier ( ) in the case of thermal hopping-limited reactions 
is also calculated utilizing a constrained optimization scheme.  However, in addition to the 
nuclear and solvent configuration coordinates, an electronic coordinate ( ) is employed to 
account for the change in energy of the transferred electron through the non-adiabatic charge 
transfer process.  The electron is treated as a classical particle (Section 4.5) in the analysis of 
the thermal hopping process, where quantum effects and electron-electron interaction terms 
are ignored.  The electronic motion is also assumed to be independent of the effect of the 
fluctuation in solvent coordinates, as the change in electronic energy ( Δ ) due to a 
reorganization of solvent molecules is a weaker ( )16 effect than the change 
in electronic energy due to a fluctuation in ionic configuration ( ).  
Similarly, the effect of polarizing dipole fields on the electronic energy is also ignored in 
evaluating the electronic energy component of the potential energy surface ( ).  The 
averaged dipole fields that arise due to the bound charges in the organic monolayer, the 
functional end groups and the electrolyte solvent molecules are significantly weaker than the 
electrostatic fields due to the free charges in the gold and the solvent.  The gold-monolayer-
electrolyte interface is reduced to a one dimensional system, with variation permitted only 
along the perpendicular to the electrode surface, for the calculation of the electronic potential 
energy.  The reduction in dimensions of the system introduced here facilitates an analytical 
solution of the problem, though the assumption is an oversimplification of the system, since 
the Coulombic potential acting on the transferring electron due to the charged electrolyte 
species arises from a two-dimensional surface charge density at the Stern layer (Figure 5.3). 
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 Figure 5.3.  Schematic illustrating concept of active sites and relation between number of active sites 
and dimensionality of system.  Fewer active sites imply a larger area per active site and hence a 
greater number of ionic electrolyte charges contained within disc of radius r at OHP that act on the 
single electron moving through the active site area 
The magnitude of the current density yields an average measure of the number of active sites 
at the monolayer surface.  A small number of active sites implies a large active site radius (r 
in Figure 5.3) between the transferring electron and the monolayer-electrolyte interface.  The 
electrostatic field acting on the transferring electron due to the ionic charge at the Stern layer 
is more likely to be two dimensional for an active site cross section area that is large 
compared to the area occupied by a single thiol molecule (~ 21.6 Å2),17 which serves as the 
electronic bridge between the metal and the electrolyte phases.  Large cathodic potentials, 
where thermal hopping is rate limiting, are characterized by a current density that is typically 
three orders of magnitude larger than the current density for transport limited potential 
regimes.  The larger current density yields a value for the ratio of the active site cross-section 
area to thiol area nearly equal to 1, indicating that every thiol molecule on the gold surface is 
an active site for the charge transfer process.  In contrast, for transport limited potential 
regimes, the active site cross section area to thiol area ratio is closer to 30, implying one in 
every 30 molecules on the gold electrode is an active site.  Thus, the assumption that at large 
cathodic potentials the ionic charge density in the electrolyte influences the electronic energy 
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profile in one dimension only seems justified.  The electronic component of the reactant 
potential energy can now be written as 
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where  is the standard potential energy of the electron in the bulk gold phase, oeU E  is the 
absolute value of the electric field in the monolayer, Z  is the charge valence of ion at the 
OHP that is responsible for the field acting on the transported electron, avε  is the dielectric 
constant suitably averaged over the monolayer-electrolyte interface,18, 19  is the distance 
of the charged ionic species from the IHP and 
Sternδ
β  is the thickness of the monolayer film.  The 
electronic coordinate  measures the distance of the transferring ion from the IHP, where the 
location of the IHP corresponds to  (Figure 5.4).  Note that the potential energy surface 
of the electron is deemed positive, like the nuclear and solvent potential energy components.  
Thus, minimum of the electronic potential energy surface is set to zero and the magnitude of 
the energy barrier is measured with respect to the minimum.  There are two contributions 
from the charged electrolyte species corresponding to the two ions in the electrolyte 
separated by the magnitude of their nuclear coordinate . 
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Figure 5.4.  Schematic for gold-monolayer-electrolyte interface depicting electronic coordinate z and 
nuclear coordinate y.  Solid red spheres represent positively charged ionic reactants in the electrolyte 
and the green sphere represents an electron moving from the metalto the IHP at z=0.  OHP is 
represented by plane at z=+δ 
The total potential energy for the reactants is now given by the sum of the electronic, nuclear 
and solvent configuration components 
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 , (5.28a) solventR
electronic
R
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and the energy surface for the products contains the nuclear and solvent fluctuation energies 
as before 
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The charge transfer process is now deemed non-adiabatic since an electronic coordinate is 
included in the expression for the potential energy of the reactants, and the electrolyte 
reactants are no longer subject to an averaged electronic potential as in the case for adiabatic 
reactions.20  Furthermore, the nuclear coordinate on the potential surface is coupled to the 
electronic coordinate through the Coulombic energy term in Equation 5.27. 
The transition state, described by the coordinates ∗ , is given by the intersection 
of the “most-likely-to-form” reactant and product state
 
s 
∗∗ zyx ,,
 
[ ]∗∗
∗
−−∗∗
∗∗∗
∗
−∗∗
−+Δ+−+=
=⎟⎟⎠
⎞
⎜⎜⎝
⎛
−
+
−+
++
−Δ+−+=
yy
DDR
o
PP
SternStern
av
y
DDR
o
RR
eeHxxkUU
zzy
eZzEe
eHxxkUU
χχ
χ
δδπεβ
21)(
2
)(
1
)(
1
4
)(
)(
2
22
2
22
, (5.29a) 
where 
 
0
)(
1
)(
1
4
)(4
)2()(
22
2
2
2
2
=∂⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−
+
−+
+−+
∂⎟⎟⎠
⎞
⎜⎜⎝
⎛
−+
−−Δ+∂−=∂
∗
∗∗∗
∗
∗∗
−∗∗∗
∗
z
zzy
eZEe
y
zy
eZeHxxxkU
SternStern
av
Stern
av
y
DDRR
δδπε
δπεχ
χ
,(5.29b) 
and 
 [ ] 0)2()2()( 2 =∂+−Δ+∂−=∂ ∗−−∗∗∗ ∗∗ yeeHxxxkU yyDDPP χχ χχ . (5.29c) 
The coordinates of the transition state are obtained by solving Equations 5.29a, 5.29b and 
5.29c simultaneously.  However, the convolution of the nuclear and electronic coordinates 
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makes an analytical solution impossible to obtain.  The Coulombic energy term due to the 
electrolyte ions is inversely proportional to the distance between the electron and the ions, 
and for large distances between the electron and the ion the electrostatic potential energy 
term goes to zero.  Therefore, the Coulombic field acting on the electron is significant only 
within the Debye shielding length and is strongest when the ions are both at the OHP.  Thus, 
the electrostatic potential energy component due to the charged ion at a distance y  from the 
OHP is replaced by the electrostatic field energy of that ion when it is at the OHP i.e. 
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The constrained optimization problem when solved utilizing the simplified expression for the 
electronic energy component of the reactant potential energy surface in Equation 5.30 yields 
the reactant free energy barrier as 
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where the electric field dependent term on the right hand size of Equation 5.31 is the 
electrostatic potential energy of the electron when the excited transition state is formed.  The 
transition state forms between the electron at the IHP and the perturbed nuclear and solvent 
configurations of the charged electrolytic ion and neutral molecular species, as described 
before.  The electronic potential energy component given by Equation 5.30 yields the field 
dependent electrostatic potential energy term when the total reactant and product potential 
energies are minimized to find the most probable configuration at the transition state.  The 
activation energy barrier ( ) that is measured from a reaction ordinate corresponding to 
the situation when the electrolytic ion C+ is in the standard state and the electron is at the IHP 
is obtained from  by subtracting out the electrostatic potential energy term. 
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∗Δ RG'  is required for the functional relationship between the surface charge density and 
monolayer electric field as shown in Equation 5.18.  Substituting the expression for 
from (5.32) into (5.18) yields a parabolic dependence of  on 
∗Δ RG'  
)( SternCsLn +
2/1E .  The 
parabolic dependence of the surface charge density on the square root of the magnitude of the 
electric field in the monolayer holds for all gold-monolayer-electrolyte systems investigated 
here (Figure 5.5). 
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Figure 5.5.  Surface charge density as a function of the square root of the monolayer electric field 
for (a) variable electrolyte pH, (b) different monolayer functional groups and (c) variable monolayer 
film thickness.  For all experiments, the electrolyte is an aqueous 10 mM phosphate buffer solution 
maintained at pH 8 unless otherwise noted.  Also, in part (a) the monolayer is self assembled 1-
mercaptodecanoic acid on gold and in part (b) all monolayer films are 10 methylene units long. 
 
The coefficients and the exponents in Figure 5.5 are obtained from a power law fit of the 
experimentally deduced surface charge densities.  Minor deviations that occur in the 
parabolic functional dependence manifest themselves as small errors in the exponent.  These 
deviations may arise due to a number of reasons:  
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(a) The quantity  in the activation energy term is equal to and so, the 
surface charge density is also linearly dependent on the applied potential 
o
R
o
P UU − )(
o
M Ee −ϕ
Mϕ .  However, 
for the large cathodic potentials where thermal hopping is rate limiting, the field 
dependent term is usually twice as large as the applied potential term. 
(b) The derivation of the activation free energy ignored the potential energy of the transferred 
electron due to dipoles, either in the monolayer phase or in the electrolyte solvent.  The 
energy due to the dipoles tends to impart a cubic root dependence on the electric field. 
(c) The simplifying assumption introduced in (5.30) decoupled the nuclear motion of the 
charged electrolyte species from the electronic coordinate.  There was, however, no 
physical justification for this assumption.  The inclusion of the coupling term may 
explain the small deviations from parabolic behavior.  However, the minor nature of the 
correction suggests that the electronic and nuclear coordinates are indeed independent of 
one another. 
The quadratic nature of the functional dependence of the log of surface charge density of the 
square root of the electric field in the monolayer appears to validate the mechanistic 
description of the surface charge density for large cathodic potential regimes.   
 
5.6. Conclusions 
This chapter elaborated on the mechanism by which the ionic charge density at the 
interface of a monolayer-modified gold electrode and an electrolyte solution is created.  The 
theory developed here to explain the creation of surface charge density at an electrified solid-
liquid interface is supported by surface charge density measurements as obtained from an 
impedance spectroscopy experiment on a gold-monolayer-electrolyte interface.  A 
mechanistic description of the observed current density as a charge flux with conduction and 
diffusion components allows for the estimation of the free charge density within the 
monolayer film from impedance measurements.  The estimated free charge density within the 
monolayer is then utilized for local charge conservation at the solid-liquid interface to 
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calculate the monolayer-electrolyte surface charge density as a function of applied potential 
or electric field within the monolayer. 
The basic premise in postulating a mechanism for the creation of interfacial charge 
density is that the two-dimensional sheet of charge at an electrified monolayer-electrolyte 
interface is made up of two components: (a) ionic charge that is electrostatically accumulated 
at the OHP and (b) charge created at the OHP because of an electron-transfer-reaction 
induced electrochemical potential gradient at the monolayer-electrolyte interface.  The nature 
of the electrochemical potential gradient is dependent on the specific electron transfer 
mechanism, and hence, on the operating potential regime.  For potential regimes where 
charge transport within the monolayer is rate limiting for the flux of charge, the natural log of 
the monolayer-electrolyte surface charge density is proportional to the applied potential.  The 
constant of proportionality is a measure of the relative importance of the electron-transfer 
reaction relative to electrostatic accumulation in the creation of charge density.  For potential 
regimes where charge transfer at the monolayer-electrolyte interface becomes rate limiting 
for the current density, the log of the surface charge density has a quadratic functional 
dependence either on the applied potential or on the square root of the electric field in the 
monolayer, depending on whether the charge transfer reaction is adiabatic or non-adiabatic, 
respectively.  These functional relationships were derived here from transition state theory.  
The relation between the charge density and the applied potential for the adiabatic charge 
transfer limited potential regime yields the reorganization energy and standard redox 
potential as parameters, which compare well with similar data derived from the kinetic data 
in Chapter 4.  The non-adiabatic case is at large cathodic potentials when the current density 
is limited by thermal hopping over an electrostatic potential energy barrier.  The transition 
state for non-adiabatic charge transfer was modeled by introducing electronic coordinate 
dependent potential energy surfaces.  An analytical solution for the non-adiabatic thermal 
hopping case was obtained by ignoring the coupling between the nuclear and electronic 
coordinates.  The experimental data from impedance measurements corroborates the 
quadratic functional dependence of the log of surface charge density on the applied potential 
for adiabatic charge transfer and on the square root of the monolayer electric field for non-
adiabatic thermal hopping.  The application of the theory proposed here provides an 
analytical tool to quantify and predict the evolution of surface charge density at a thin-film 
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modified solid-liquid interface as a function of applied potential.  The surface charge density, 
thus evaluated, serves as a dynamic control parameter for the design of large surface-area-to-
volume ratio solid-liquid systems. 
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Chapter 6: Conclusions and Future Directions 
6.1 Summary of Results and Conclusions 
High throughput single molecule detection technologies are instrumental for the 
development of advanced diagnostic systems that can enable the early detection and focused 
therapeutic targeting of disease by tracking expression levels of multiple molecular markers 
in the blood serum.1, 2  Strategies that eliminate the use of optical3 or magnetic labels4 to 
monitor biological activity are particularly attractive for the in vitro analysis of the molecular 
markers since they minimize any interference with the normal physiological activity of the 
biomolecules.  A label free methodology is proposed in this thesis that utilizes the normal 
flux of low-energy electrons at an electrified monolayer-modified solid-liquid interface to 
probe the non-equilibrium phenomena occurring at that interface.  Information about the 
changes in the physical and chemical properties of the interface due to the probing electronic 
particle/wave is retrieved as variations in measured current or potential. 
The characterization of the flux of electrons crossing the electrified monolayer-modified 
solid-liquid interface in the absence of redox active moieties in the electrolyte is the first step 
in the development of such a label free methodology.  The existence of a leakage current5-8 in 
the absence of externally added redox-active species in electrolyte indicates that there are 
electrolytic constituents that can accept electrons from, or donate electrons to the Fermi level 
of the gold electrode.  Since the precise identity of these electrolytic species is, at present, 
unknown, a kinetic description of the leakage charge transfer at the solid-liquid interface 
cannot be formulated and hence the mechanism by which leakage current flows across the 
solid-liquid interface remains an open question.  This dissertation presents an analytical 
method to characterize the leakage current density within the framework of non-adiabatic 
charge transfer theory. 
Chapter 2 presents an overview of the methodology used to analyze leakage currents.  
The leakage current density is modeled as an energy barrier limited flux of charge, where the 
nature and magnitude of the energy barrier limiting the net current density is a function of the 
applied potential.  Thus, the leakage current is described by the charge transport equation 
with conductive, diffusive and capacitive components and a constitutive expression for the 
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low-frequency admittance of the gold-monolayer-electrolyte system is obtained by 
differentiating the charge transport equation with respect to the applied potential.  The 
expression for admittance thus obtained is applicable irrespective of the actual mechanism by 
which the leakage current flows through the gold-monolayer-electrolyte system.  The 
mobility and diffusivity of electrons in the monolayer film are unknowns in the generalized 
admittance expression, and they are estimated from a scaling argument outlined in the 
chapter.  The electron mobility value indicates that the primary mechanism of charge 
transport is electron transport through the monolayer film and not ion penetration through 
pinhole defects, as has been suggested in the literature.7  The admittance expressions 
obtained from the charge transport equation, with the electron mobility and diffusivity now 
known, are fit to the experimentally obtained low-frequency admittance values to calculate 
the free charge density and electric field within the insulating monolayer film.  Application 
of the constitutive admittance expression to fit the experimentally obtained low-frequency 
admittance data requires the charge density at the gold-monolayer interface as a boundary 
condition.  The potential energy barrier at the gold-monolayer interface is lower in magnitude 
than the free energy barrier at the monolayer-electrolyte interface, rendering the gold-
monolayer interface nearly Ohmic in electrical response, as per a phenomenological 
argument made here.  The gold-monolayer surface charge density is evaluated from the 
experimentally obtained monolayer electric field from this reasoning.  Since the gold-
monolayer interface charge density and the free charge density in the monolayer are known, 
application of local charge conservation to the gold-monolayer-electrolyte system allows for 
the calculation of the monolayer-electrolyte surface charge density as well.  Thus, the 
calculated surface charge density is a physical quantity derived directly from experimental 
impedance data that contains information about the monolayer-electrolyte interface. 
Qualitative analogies between a gold-monolayer-electrolyte system and a leaking parallel 
plate capacitor are made in Chapter 3 to introduce the concepts of charge transport limited 
current and charge transfer limited current.  The low-frequency impedance response of the 
gold-monolayer-electrolyte system characterizes the nature of the limiting process and hence, 
helps identify the different potential regimes that transport or transfer limited.  The 
calculation of the monolayer electric field and free charge density from the methodology 
presented in Chapter 2 yield a quantitative description of the monolayer-electrolyte interface 
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in terms of three properties, namely the built-in electric field, the potential of zero-field and 
the equilibrium chemical potential between an electron at the metal and an electron at the 
monolayer-electrolyte interface.  A qualitative analogy is also demonstrated between the 
gold-monolayer-electrolyte system and a Mott-Schottky rectifying barrier, based on our 
description of the monolayer-electrolyte interface in terms of these three properties, that 
helps explain the anisotropic current-voltage characteristics of the monolayer-on-gold 
system.  Since the equilibrium chemical potential difference and built-in field are defined 
primarily in potential regimes that are transport limited, they characterize system wherein the 
different reactant and product species at the monolayer-electrolyte interface are expected to 
equilibrate with the bulk electrolyte.  Thus, these properties can serve as measures for bulk 
electrolyte properties like pH and concentration.  However, for specific cases in which the 
bulk electrolyte properties are kept constant, variations that are observed in these properties 
can be traced back to structural effects as small as adding an additional methylene moiety to 
the monolayer chain, indicating a high degree of sensitivity to events occurring at the solid-
liquid interface. 
Different mechanisms of charge transport and charge transfer are discussed in Chapter 4.  
The current density is limited by Ohmic transport, at low anodic potentials, and by space 
charge at larger anodic potentials.  At anodic potentials that are even higher, the electric field 
in the monolayer becomes large enough to distort the conduction band in the monolayer 
phase, which facilitates the tunneling of an electron from the ground state energy level of an 
ion in the electrolyte to the Fermi level of the gold electrode, via the conduction band of the 
monolayer phase.  The tunneling mechanism is shown to be identical to the Fowler-
Nordheim (FN) tunneling process, despite the fact that tunneling in the gold-monolayer-
electrolyte system is from the electrolyte phase to a metal phase whereas FN tunneling occurs 
from a metal surface into vacuum.  Cathodic potentials, on the other hand, are characterized 
by current densities that are limited by the thermal activation of species over a free energy 
barrier.  For low cathodic potentials, Marcus kinetics dominates, where the thermal 
reorganization of the dielectric media around the reactant and product species is rate-limiting.  
At higher cathodic potentials, the thermally activated hopping of a charge carrier over an 
electrostatic potential energy barrier at the inner Helmholtz plane (IHP) becomes rate-
limiting.  Parameters characterizing the physical and chemical properties of the monolayer-
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electrolyte interface are also obtained by fitting the experimental current density to 
mechanistic expressions derived for the different rate-limiting processes. 
Chapter 5 presents a detailed analysis of the surface charge density at the monolayer-
electrolyte interface and the functional dependence of the measured charge density on the 
applied potential and the monolayer electric field.  The analysis presented in this chapter 
differs from other published accounts of surface charge density at monolayer-electrolyte 
interfaces since the insulating monolayer film is not treated as a perfect capacitor.9, 10  The 
monolayer-electrolyte surface charge density is, instead, coupled to the leakage current that 
flows through the gold-monolayer-electrolyte system.  The hypothesis proposed here is that 
the charge density at the monolayer-electrolyte interface is composed of (a) electrolyte ions 
that accumulate at the outer Helmholtz plane (OHP) due to the electrostatic field in the 
diffuse layer and (b) ions that are created or destroyed by electron transfer reactions 
occurring at the monolayer-electrolyte interface.  Since the electron transfer event creates an 
electrochemical potential gradient for charge to accumulate at the OHP, the nature of the 
driving force for the creation of the monolayer-electrolyte charge density depends on the 
rate-limiting process inhibiting the charge transfer process.  For transport limited potential 
regimes, the theory predicts that the surface charge density is exponentially dependent on the 
applied potential.  Charge transfer limited potential regimes are characterized by a quadratic 
dependence of the log of surface charge density on the applied potential or the square root of 
the monolayer electric field, depending on whether the charge transfer process is adiabatic or 
non-adiabatic.  Transition state theory is utilized to derive these functional relationships.  
Non-adiabatic charge transfer corresponds to the potential regime where the thermal hopping 
of electrons over an electrostatic potential energy barrier is rate-limiting.  The transition state 
for the thermal hopping case is derived by coupling the nuclear and solvent configuration 
energies to an electronic coordinate that tracks the motion of the electron.  The simplified 
analytical solution for the non-adiabatic charge transfer yields the relationship between the 
log of surface charge density and the square root of the monolayer electric field.  The 
monolayer-electrolyte surface charge density as obtained from impedance measurements is 
observed to fit these theoretical predictions.  Moreover, fitting the theoretically derived 
functional relationship between the surface charge density and applied potential/monolayer 
field to the experimentally obtained surface charge density yields the standard redox potential 
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and reorganization energy as parameters.  These parameters identify the primary reaction 
(reduction of protons) that contributes to the surface charge density at the monolayer-
electrolyte interface, and describe the effect of the interface properties have on the kinetics of 
the reaction. 
 
6.2 Future Directions 
The gold-monolayer-electrolyte electrochemical system where the electrolyte contains no 
redox active species is a non-linear system, as is evident from the non-linear potential 
dependent impedance response (see Figure 1.2).  However, electrochemical impedance is, 
inherently, a linear quantity that relates the applied potential linearly to the measured current 
signal in the complex frequency domain.11  Electrochemical instrumentation designed to 
measure complex impedance, either by phase sensitive detection methods, direct oscilloscope 
measurement or by automated frequency response analysis11 tends to filter and average out 
all non-linear behavior present in the system.  Thus, non-linearity in the electrochemical 
gold-monolayer-electrolyte system that was evident in the potential spectrum of low-
frequency impedance is lost when recording impedance as a function of frequency at a fixed 
potential.  Non-linear behavior in the frequency domain may arise on account of extraneous 
synchronous and asynchronous noise that may be convolved with the desired information, or 
because of dynamic physical and chemical events at the electrified solid-liquid interface.  
While noise signals are undesirable, non-linearity in the measured current or potential signal 
due to electron transport or transfer contains information about the dynamic behavior of the 
monolayer-modified solid-liquid interface.  The non-linear component of the electrochemical 
signal is retrieved from the Fourier transform of the non-sinusoidal part of the current 
( )(ωDCI ) or potential ( )(ωDCV ) signal, as shown in Figure 6.1.  Alternatively, the complete 
non-linear signal may be recovered from a Fourier transform of the current or potential signal 
measured as a function of time. 
 150
 
Figure 6.1.  Schematic of Lissajous figure for calculating the magnitude and phase of the experimental 
impedance.  Non-sinusoidal components Idc and Vdc are obtained from the center of the Lissajous ellipse
Conventional descriptions of the frequency-dependent impedance response of 
electrochemical systems rely on the use of empirical linear circuit models to fit the Bode and 
Nyquist impedance plots.12  Based on these linear circuit model fits, the high frequency 
behavior of electrochemical systems has been characterized as being “purely resistive” i.e. 
dominated by the resistance of the bulk electrolyte solution.12  High frequency here refers to 
time scales less than the intrinsic time-constant (τ ) of the system, where 
monolayersolution CR ⋅=τ .  The high frequency impedance spectrum does indeed tend to be 
featureless and conform to the traditional view of purely resistive behavior, as seen from 
Figure 6.2a.  However, a snapshot of the non-sinusoidal component of the current signal 
( )(ωDCI ) reveals a spectra of distinct peaks superimposed on a large DC offset (Figure 6.2b).  
A similar spectrum is also observed for the real part of the Fourier transform of the current 
signal (Figure 6.2c).  The data is plotted as a comparison between protonated and deuterated 
electrolytes for a C10COOH thiol monolayer-modified gold electrode, where –log [H+] and –
log [D+] are maintained at 7. 
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 Figure 6.2.  (a) Bode phase plot, (b) plot of Idc as a function of frequency and (c) real component of 
Fourier transform of I(t) as a function of frequency for carboxylic acid terminated monolayer-modified 
gold electrode; electrolytes used are 10mM protonated and deuterated phosphate buffers for each 
experiment; pH and pD are equal to 7 for each experiment.  Region enclosed by dotted rectangle in (a) 
defines the high frequency regime when current density is limited by solution resistivity. 
Besides the large DC offset, the nature of the spectra in Figure 6.2b reveal interesting 
features like peak splitting at discrete well-defined frequencies, that appear to indicate 
chemistry dependent phase lags introduced in the electron transport process.  Interestingly, 
the peaks and accompanying spectral features are observed only for potential regimes that are 
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charge transport limited, and only for monolayer-modified electrode-electrolyte interfaces.  
The characteristic frequencies at which these spectral features are observed appear to be 
measurement apparatus generated non-linearities that are amplified and modified by the 
electrochemical interface.  Large differences in the DC offset and the peak modification 
features are observed for two chemical species (H+, D+) that differ only by one neutron, 
indicating that there might be the possibility of utilizing frequency-dependent non-linear 
current/potential signals in addition to the impedance potential spectrum as two 
complimentary yet distinct sensing modes for a monolayer-modified electrochemical 
platform.  The brief and rather introductory description of the non-linearity at a monolayer-
modified gold-electrolyte interface also highlights the importance of including non-linear 
components in the discussion of the high frequency impedance response of a gold-
monolayer-electrolyte system. 
Since the characteristic frequencies where the chemistry-specific phase modification 
features are observed appear to be instrumentation related, an experimental method to 
deconvolve the transfer function of the electrode-electrolyte interface from instrumentation 
transfer function is required to retrieve the “real” electrochemical system signal.  One 
strategy is to superimpose another frequency dependent, small-amplitude, physical signal, 
like temperature, on the applied potential and to correlate changes in the system response to 
the variations in the physical signal, thereby recovering the “real” system response.  
However, understanding the effect of applying a DC temperature bias on the electrical 
response of an electrochemical gold-monolayer-electrolyte system is a prerequisite to the 
frequency dependent temperature experiment.  The impedance response from the application 
of a temperature bias to the gold-monolayer-electrolyte system would also verify the results 
for large cathodic potentials, presented in this thesis, that postulate thermal activation-limited 
current densities.  Since the eventual goal is to develop a thin-film modified electrified solid-
liquid interface as a spectroscopic platform to analyze the constituents of a heterogeneous 
electrolyte, understanding the effect of different ionic moieties on the potential spectrum of 
the impedance and on the frequency-dependent non-linear current components seems like the 
logical next step, with a special emphasis on the species that make up the basic building 
blocks of biomolecules like amino-acids. 
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In summary, this dissertation proposes the use of monolayer-modified electrode-
electrolyte interface as a spectroscopic tool to characterize the dynamic physical and 
chemical properties of the electrified phase boundary between an electrode and electrolyte 
phase.  The sensing platform proposed here utilizes electrons incident on the solid-liquid 
interface as the interrogating particles/waves, where the electronic flux is modulated by the 
magnitude and frequency of the applied potential at the gold phase.  Variations induced in the 
electronic flux by the different chemical and physical processes at the solid-liquid interface 
are detected as changes in the impedance response and in the frequency behavior of non-
sinusoidal current/potential signals.  The work in this thesis developed the mechanistic 
description for the electronic flux that crosses an electrified solid-liquid interface in the 
absence of redox-active species, and so laid the foundation for developing monolayer-
modified gold electrodes as spectroscopic sensors. 
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